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" need for more detailed examination.

EXECUTIVE SUMMARY

The Metrek Division of The MITRE Corporation, under coantract to
the United States Army Medical Bioengineering Research and Devel-
opment Laboratory, 1is reviewing and recommending short-term tests in
animals for evaluating and predicting the functional and/or mor-
phological impairment produced by toxic substances. This document
presents information on various tests that have been developed to
detect liver damage. Recommendations are made for those tests which
are suitable for use in a screening program.

. L

The tests that measure the effects of xenobilotics on the liver
are grouped into three sections or categories: morphology, func-
tionality, biochemistry. The literature on the tests in each of
these categories 1is reviewed and the tests evaluated for incor-
poration in a short-term screening program.

The morphologic techniques used to measure damage range from
gross observation to electron microscopy. Gross observation of
changes in the shape, size, color and consistency of the liver that
occur as the result of the toxic effects of chemicals 1s necesary in
early phases of screening chemical substances and may indicate the

Microscopic examination permits an elaboration of the gross
observations and may be necessary to provide a definitive description
of liver damage. The very high magnification by the electron micro-
scope reveals details, such as the dimensions of subcellular struc-
tures, which are useful for research purposes, for detecting early
damage, or for an understanding of the mechanisms whereby toxic
damage occurs,

Two general methods for assessing toxic effects on the secretory
function of the liver are described. In the first, one of several
dyes 18 injected intravenously and the rate of its disappearance from
the blood stream is determined. In the second method, the rate of
removal of a normal constituent, bilirubin, from the blood by the
liver is monitored by determining serum bilirubin levels. Monitoring
urobilinogen, a bilirubin metabolic product, in urine 1is less direct
but effective in monitoring liver function.

The biochemical tests are grouped into two broad categories (1) .
direct measurements of the activity of specific serum enzymes and (2)
measurements of substances related to liver synthesis, storage, detox-
1fication and elimination. The hepatotoxicity of exogenous chemicals
usually leads to changes in the permeability of the cell wall and
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release of cellular components, including enzymes, into the blood
stream. The extent and nature of liver damage may be indicated by
measuring the activity of the enzymes released,

Damage may also be detected by measuring variations in the rates
of metabolism of both endogenous and exogenous substances. As
examples, the monitoring of the metabolic levels of carbohydrates,
cholesterol, bile acids, serum metals, protein, blood-clotting
factors and xenobiotics are described.

In addition to the biochemical and functional tests performed in
vivo it is also possible to expose in vitro excised livers, liver
slices, cell cultures or subcellular suspensions to xenobiotics, and
to measure toxicity by monitoring various biochemical parameters.

The tests for liver damage are evaluated for incorporation in a
short-term screening program according to their degree of conformance
to the following criteria:

o state of development sufficient to give reproducible results
in a screening program

e sensitivity sufficient to detect early subtle forms of
damage to the system

e procedures and instrumentation sufficiently uninvolved to
enable technicians with some additional training to perform
the tests, and

e methods sufficiently brief so that each test can be com-
pleted within a few hours to several days.

In addition to these criteria, consideration has also been given
to (1) the availability and cost of the animals used, and (2) the
costs of the test procedures and equipment.

Those tests which satisfy these criteria have been sorted to
form a three-tiered program for testing chemicals for their hepato-
toxicity according to the following second set of criteria. These
tests may be used with any mammalian species,

Level I of the tiered program consists of those tests which are
simple, inexpensive, quick and sufficiently sensitive to provide a
good indication of hepatic damage. Level II tests are more selective
and sensitive than those in Level I and provide more information on
the nature and mechanism of the toxic injury. Level III tests are
those tests not included in Level I and II but which may be useful in
determining the mechanism of the toxic injury.




The following three-tier, short~term testing series presents the
tests recommended for inclusion in a chemical hepatotoxicity

screening program.

Level 1

Functional: Sulfobromophthalein (BSP) or Indocyanine (ICG)
Clearance; Bilirubin Clearance (Plasma Bilirubin and Urine
Urobilinogen); Benzoate/Hippuric Acid Excretion
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Biochemical: Barbiturate Sleeping Time

Serum Enzymes: Glutamic-Oxalacetic Transaminase (GOT) ;
Glutamic-Pyruvic Transaminase (GPT); Alkaline Phosphatase (ALP);
Lactic Dehydrogenase (LDH)

Morphological: Gross Liver Pathology

Level II
Functional: Serum Cholesterol/Cholesterol Ester Ratio; Plasma Bile
Acids; Biliary Transport Maximum (Tm)

Biochemical: 1Isolated Hepatocyte Suspensions or Monolayer Hepatocyte
Cultures

Morphological: Light and Electron Microscopy

Level III

133

Functional: Radiolabeled Albumin or Xe Perfusion

Biochemical: In-Vitrg Preparations (Other than those in Level II, e.g.,
liver slices or isolated, perfused whole livers)

PrR

Morphological: Radioactive Colloid Imaging
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1.0 INTRODUCTION

The Metrek Division of The MITRE Corporation, under contract to
the United States Army Medical Bionengineering Research and Develop-
ment Laboratory, is reviewing and recommending short-term tests for
evaluating the functional and/or morphological impairment produced by
toxic substances in animal test systems, Effects in four organ
systems--pulmonary, hepatic, remal, and cardiovascular--are being

considered. This document presents information on the available

tests for.the hepatic system and recommends those tests which are
suitable for use in a screening program.

A variety of tests have been developed to detect liver damage in
humans. Some of these have been adapted for use in laboratory |
animals; however, few tests in animals are well developed and have
demonstrated ability to detect damage produced by hepatotoxic sub-
st&nces. Those tests that do detect liver dysfunction and da;age are
of particular interest in developing a screening program for hepato-
toxicity and are discussed in detail in this report.

The measurements of liver damage have been grouped into three
categories based on the structural, functional or biochemical changes
that can be measured. The section on morphological damage indica-
tors (Section 2.0) describes changes in liver morphology that indi-
cate hepatotoxicity. These alterations in morphology may include
zonal, diffuse or massive necrosis; steatosis; various forms of cir-

rhosis, and lesions of the venules.

11
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The functional activities of the liver which can be assessed are
excretion, storage and synthesis. The tests for excretion are dis-
cussed in Section 3.0 and those for storage and synthesis in Section
4.,0. Tests for the excretory capacity of the liver involve the
excretion of injected dyes or of endogenous bilirubin. Measurements
of storage function include analyses for serum iron. Synthetic
activities are evaluated by measuring changes in blood levels of such
products as clotting factors and lipoproteins.

The biochemical tests discussed in Section 4.0 are presented in
four subsections: serum enzymes, metabolism of normal and xenobiotic
materials, metals in serum, and several in vitro procedures. Since
the liver has a considerable functional reserve capacity, tests that
are capable of measuring this reserve capacity will be described.

In Section 5.0, entitled Conclusions and Recommendations, cri-
teria are defined for assessing the suitability of tests for inclu-
sion in a hepatotoxicity screening program, Those tests which
satisfy these criteria are selected and classified according to a
second set of criteria as belonging in Levels I, II or III of a
tiered testing program.- The tiered testing scheme that 1s presented
is based upon a critical, comparative analysis of all of the liver
tests currently used in small laboratory animals.

Selected information concerning each test has been summarized in
tabular form and is presented in appendices A through D. This infor-

mation includes:

12

L




I . o e iz ahais ' LSRG 2 X%

e the specific parameter measured
e the species in which the test has been performed, and

e the substances that have been tested for toxicity or used to
elicit a toxic response.

The "comments'" column of each table contains information dis-
tilled from the body of the text, that is pertinent to the suitabil-
ity of the test for assessing liver toxicity.

The information contained in this report has been compiled from
published and unpublished reports and communications with individuals
active in the development or application of techniques for the deter-
mination of liver damage. A companion directory of some individuals
and organizations involved in hepatotoxicity testing in animals has
been compiled solely from personal communications, so that only cur-
rent activities of organizations and researchers would be repre-

sented.

13
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2.0 MORPHOLOGIC INDICATORS OF HEPATIC DAMAGE

Changes in the form and structure of the liver in man or animals
often occur as a result of thelr exposure to toxic substances. The
variety of chemicals producing morphologic changes in the liver is
shown in Table 2-1. Observable changes in the morphology of the
liver that may be indicative of toxic chemical effects will be
described in this section. These changes will be discussed beginning
with gross morphology, progressing through those seen with a light
microscope to those detected by electron microscopy. The morphologic
changes in the liver, reported in a collection of 95 toxicology
papers, are given in Table 2-2, as presented by Gray (1976).

2.1 Gross Morphology

The liver is a dark, reddish~brown organ and is the largest
gland in mammals. In man, it is a wedge-shaped structure of soft,
friable tissue encased in a membrane. It is located on the right
side of the body below the rib cage and extends to the middle of the
left side. In adult humans, it normally weighs between 40 and 60
ounces, and is about nine inches by seven inches, but it may become
several times larger from toxic chemical effects. In experimental
animals, these dimensions are in the same proportions to total body
weight as they are in man. 1In all species, the liver has five lobes
that are more or less sharply delineated, depenc¢ g on the species.
In mammals the gall bladder, which serves as a reservoir for the
bile, is located below and behind t... liver, except in the rat, which

has no gall bladder.
15
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TABLE 2-1

CHEMICALS SHOWN TO PRODUCE MORPHOLOGICAL
CHANGES INDICATIVE OF LIVER INJURY

Aldrin

Androsterone

Benzydamine

Butylated hydroxyanisole
Butylated hydroxytoluene
Chlordane
Chlorphenothane
Chlorpromazine

Coramine

Cortisone

Dimethylnitrosamine

Ditertiarybutylmethylphenol

Estradiol
Ethanol

2'-B-Hydroxyethyl thioether
analogue of griseofulvin

Halothane

Hydrazine
Isogriseofulvin
Meclizine

Mephenytoin

Penthrane (methoxyfluran)
Phenobarbital
Phenylbutazone
Polycyclic aromatic hydrocarbons
SKF 525-A

Testosterone

Thiopental

Thiourea

Ethyl chlorophenoxyisobutyrate

Griseofulvin

Thyroxine

Source: Barka and Popper (1967) and Gray (1976).

16
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TABLE 2-2

TYPES OF LIVER INJURY REPORTED IN THE LITERATURE
(1959-1974)*

s TYPE NO, OF REPORTS _|
. Necrosis
t Focal 9
" Centrilobular 25
Midzonal 2
M Peripheral necrosis 6
Submassive 3
Massive 1
7
2
4

Fatty change
Cholestasis
Cholangiotoxic 1
Progressive

Cirrhosis
. Neoplasia 1
Hemosiderosis
Kupffer cell deposition
Porphyria
Enlarged common bile duct
Granuloma
Degenerative hepatocytes
Diffuse cloudy swelling
Perinuclear vacuolization

Total in 95 papers 9

bt P NN WD N

[« -]

*
In Toxicology and Applied Pharmacology, 1959-1974.

SOURCE: Gray, 1976

-
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Two vessels feed into the liver--the hepatic artery, which
provides oxygenated blood; and the portal vein, which brings in
nutrients, The blood exits by way of a capillary network ending in é
the hepatic vein. Lymphatic sinusold vessels permeate the entire
structure. The hepatic duct, which collects the secreted bile from
the canaliculi, is connected to the gall bladder except in the rat,
in which it empties directly into the intestine.

A change in the morphology of the liver depends upon the nature
of the toxicant, the dose, the time of autopsy after the dose, the
age and sex of the animal and several other factors. Often gross
examination of the liver following exposure to an hepatotoxin will
reveal an enlarged liver (hepatomeagaly), which may or may not be dis-
colored. Hepatomegaly may be due to enlargement of the liver cells
(hypertrophy) or to a proliferation of cells (hyperplasia). These
causes can be distinguished by differential staining or quantitative
separation of the DNA, which increases per unit volume of tissue in
hyperplasia and decreases with hypertrophy (Barka and Popper 1967).

Hypertrophy of the liver is enlargement due to an increase in
the size of its constituent cells. Liver cells may increase in size
because of a deposition of materials such as fat droplets, an
increase in structural elements, or an increase in the levels of
fluid within the cells. Hypertrophy 1s normally a dose-dependent
response which reverses when administration of the chemical is dis-

continued, unless the injury has caused a permanent change, as in

18
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fibrosis or necrosis. However, some substances such as iproniazid

and penicillin may cause idiosyncratic reactions which are not dose

P

related. In general, those chemicals which are not metabolized or
are easily metabolized produce less enlargement than those metabo-
lized more slowly and which are 1lipid soluble. Examples of the
latter include ethanol, halothane and polycylic hydrocarbons (Barka
and Popper 1967).

Hyperplasia, an increase in the number of liver cells, is asso-
ciated with the stimulation of DNA synthesis following the exposure
of the liver to substances such as isoproterenol. It has been sug-
gested (Barka and Popper 1967) that the reduction in the function of
existing hepatocytes may stimulate cell division and production of 1
new hepatocytes.

Liver enlargement may also result from other conditions such as
the collection of fluid between cells (e.g., cholestasis) and from
tumors or abcesses.

The liver may be discolored to a yellowish or tawny brown by the
retention of bile (cholestasis) a response elicited by organic
arsenicals, Retention of fats (steatosis), as caused by ethanol or
mycotoxins, may also change the color. Fibrotic, cirrhotic or other
areas with limited blood supply will appear pale or orange colored.
These changes can arise, for example, from tannic acid or carbon
tetrachloride (Plaa 1975a). Glycogen accumulation may appear as

clear areas (Dobbins 1972).

19




2.2 Light Microscopy

Light microscopy is, at best, a semiquantitative art based on
professional judgements of gradations of changes in the morphology of
tissues; however, it 1s an essential and valuable component of toxic-
ity studies. Seen under a microscope, the liver consists of roughly
hexagonal lobules, each having in the center a branch of the portal
vein and three vessels at each corner consisting of a branch of the
portal vein, a hepatic arteriole and a bile duct. Material flow is
outward from the central portal vein through the individual hepato-
cytes to the peripheral vessels (Plaa 1975; Robbins 1974)., Chemical
effects on any of the intervening membranes in these pathways can
‘ alter the function and/or structure of any or all of the downstream
components.

Liver injury from short-term exposures to chemicals may produce
either or both of two general kinds of morphologic changes: (1)
accumulation of excretory or secretory products, and (2) damage to
the cells or their components., As an example of type 1, ethionine
produces steatosis (fatty liver) by interfering with the excretory
mechanism. The fat droplets may accumulate in a single lobe or zone
or may be widespread. Cholesterasis-~the accumulation of bile pig-
ment--i8 a frequent effect of steriods, which may be accompanied by
aggregates of inflammatory cells in the portal area (Plaa 1975a;
Zimmerman 1976). Illustrative of type 2 cell damage is necrosis in

the central lobe (the most common site of chemical injury) which can

20
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be caused by substances such as thioacetamide or tannic acid. Many
chemicals such as ethanol and carbon tetrachloride will lead to both
effects (Gray 1976; Plaa 1975a; Zimmerman 1976). Some compounds are
known to produce hepatomegaly without visible alterations by light
microscopy. For these compounds, electron microscopy may reveal
structural changes (See Section 2.3).

Infarcts=-localized necrosis from interruption of the blood
supply—--are seldom seen in the liver of mammals, because there is
sufficient oxygen in either the portal veln or the hepatic artery to
maintain the tissue (Robbins 1974).

Morphologic changes from short-term tests may be precursory, and
predictive of effects from long~term exposures. Generally, the mor-
phologic changes from short-term exposures are degenerative, where as
long~term exposures generally involve proliferative responses, espe-
cially increases in the number and form of hepatocytes, and may
include neoplasia (Plaa 1975).

2.3 Electron Microscopy

The application of electron microscopy to pathology in the early
1960s provided not only a more detailed view of structures than light
microscopy, but also an opportunity to quantify ultrastructural
changes, The electron microscope now permits the correlation of
biochemical and morphologic alterations, leading to a better under-

standing of mechanisms of toxicity (Gray 1976; Weibel et al. 1969).

21
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Electron microscopy of hepatocytes reveals a network of channels
bound by membranes extending from the nucleus to the external mem-
brane of the cell. This network constitutes the endoplasmic reticu-
lum, which appears as two types—-—smooth and rough--depending on the
number of ribosomes artached to the surface. Ribosomes are bundles
of ribonucleoprotein involved in protein synthesis (Wﬁite, Handler
and Smith 1968). In a study of ethanol ingestion by rats, Oudea, et
al. (1973) saw no chahges under light microscopy; however, electron
microscopic morphometry indicated a 25% increase in smooth endoplas-
mic reticulum and a 34% decrease in the rough endoplasmic reticulum.

The largest organellés shown by the electron microscope are the
mitochondria. They usually appear as dense rods about 0.5 x 3 , but
may also be seen as filaments or spheres. They are the site of res~
piratory and oxidative enzyme activity involved in energy transfer.
Mitochondrial response to toxic chemicals, such as ethanol, is usu-
ally enlargement rather than proliferation. Cytoplasmic poisons,
like heavy doses of carbon tetrachloride, cause dissolution of the
mitochondria. |

Hydrolytic enzymes are associated with the lysosomes, which are
smaller bodies than the mitochondria. Damage to the lysosomes gener-
ally occurs late in the process of necrosis and results in release of
the enzymes, indicating that they may not be involved in the necrotic

process of the liver tissue (Plaa 1975a).
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Details of an irregular structure of fibrils and vesicles in the

hepatic parenchymal cell, known as the "Golgli apparatus” or "Golgi
complex”, are also visible under the electron microscope. Robbins
(1974) describes electron microscopy studies of this structure, which
abutts the cisternae of the endoplasmic reticulum, and which is
involved in the secretory functions of the liver. These studies have
shown the Golgl apparatus receiving granular and amorphous proteins
from the rough endoplasmic reticulum, separating them, and directing
their movement out of the cell., The granular proteins, which appear
to be plasma proteins, are secreted into the space of Disse, from
which they move into the vascular sinusoids. Microvilli from the
hepatic artery and the portal vein structures protrude into the space
of Disse. The amorphous proteins are transported by the Golgi com-
plex from the rough endoplasmic reticulum to the lysosomes. This
suggests that the amorphous proteins are enzymes. Observation of
changes in these mechanisms can be useful in understanding the toxic
action of chemicals., These movements are consistent with the studies
of ethanol hepatotoxicity by Dobbins (1972) and Oudea (1973). Plaa
(1975a) discusses how electron microscopy has shown that the cister-
nae of the rough endoplasmic reticulum are dilated by carbon tetra-
chloride and that the microsomal 1ipid structures are also altered.
Concommitant biochemical studies showed a decrease in enzymic activ-

ity that correlated with the structural changes.
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The early stages of cholestasis can rarely be identified in

rodents by light microscopy. Bile pigment deposition following oral
doses of ANIT (X-naphthylisocyanate) is readily seen by the electrom
microscope along with changes in membranes of the hepatocytes (Plaa,
1975a).

Plaa (1975a) in his discussion of hepatotoxicity, gives examples
of chemicals affecting the structure and/or function of these various
organelles within the hepatocyte. These examples are shown in Table
2-3.

Gray (1976) summarizes the descriptive advantages of electron
microscopy of liver specimens in safety evaluations, particularly
with serial needle biopsies. These include the ability to provide
(1) more precise and detailed pathologic descriptions; (2) observa-
tion of rapid, transitory, or sequential changes; (3) clues to bio-
chemical or pharmacological mechanisms; (4) monitoring of the
metabolic stzte and (5) definition of the limits of tolerance.

Serial biopsies, as proposed by Gray, provide an opportunity to
follow the progress of liver injury from chemicals in the same anj;-
mals. This procedure is particularly useful in larger animals, such
as the dog, since serial sacrifices need not be done. These data can
be correlated with biochemical measurements.

Techniques for the quantitative characterization of the morphol-
ogy of rat livers were described by Weibel et al. (1969) and Loud

(1968). Normal values for some of the organelles in rat liver are
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TABLE 2-3

EXAMPLES OF HEPATOTOXINS AFFECTING VARIOUS

ORGANELLES

ORGANELLES AFFECTED

COMPOUND

Endoplasmic reticulum

Mitrochondria

Lysosomes

Nucleus

Carbon tetrachloride
Thioacetamide
Dimethylnitrosamine
Phosphorus .
Ethionine
Dimethylaminoazobenzene
Allyl formate
Pyrrolizidine alkaloids

Carbon tetrachloride
Pyrrolizidine alkaloids
Ethionine

Allyl formate

Tannic acid

Phosphorus

Hydrazine
Dimethylnitrosamine

Carbon tetrachloride
Pyrrolizidine alkaloids
Beryllium

Pyrrolizidine alkaloids
Dimethylnitrosamine
Hydrazine

Beryllium

Aflatoxin

Adapted from: Plaa 1975a
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shown in Table 2.4, These morphometric data provide a standard for

comparing similar measurements of liver tissues from animals exposed
to chemicals.

Quantitative morphometry has been correlated with biochemical
data, for example, in studies of the effect of ethanol ingestion on
rat liver by Dobbins et al. (1972)., The use of light microscopy
failed to distinguish between the livers of control and ethanol-
treated animals. The electron photomicrographs, however, revealed
increases in the volume of mitochondria, lysosomes, peroxisomes, and
lipid droplets, and a decrease in the volume of glycogen. Measure-
ments of the surface area of these organelles paralleled the volume
data. Biochemical analyses indicated a two-fold increase in lipids
and in aniline hydroxylase. Our knowledge of the location of spe-
cific enzymes within these organelles is not yet complete enough to
permit a detailed explanation of the correlations between morphologic
and biochemical changes.

Increased surface area of the smooth endoplasmic reticulum at
the expense of the rough endoplasmic surface area was first observed
with phenobarbital., The correlation of this shift with the induction
of enzymes for processing exogenous chemicals strongly indicates that
the smooth reticulum is the site of these induced enzymes. Thus, a
change in the relative areas of these surfaces is a measure of the

animal's response to chemical exposure (Barka and Popper 1967).
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TABLE 2-4

o NORMAL QUANTITATIVE VALUES FOR SELECTED
- ORGANELLES IN THE RAT LIVER

Component Mean/ml Tissue Mean/100 gm body wt.

j : Hepatocyte volume 0.831 cm3/cmd 2.79 cm3
;:Tj Hepatocyte surface 0.284 m? /cm3 0.96 m3
¥ Nuclear volume' 0.050 cm3/cm? 0.17 cm3

i j Rough ER volume 0.0785 cm3/cm3 0.264 cm3
: ; Rough ER surface 6.25 m?/cm3 20.93 m?
ifl Smooth ER volume 0.049 cm3/cm? 0.163 cm3
Smooth ER surface 4.65 m?/cm3 15.61 m?

) Mitochondria volume 0.0116 cm3/cm3 0.38 cm?

Adapted from: Weibel et al. 1969
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2.4 Species Variations in Morphology

Although mammalian toxicology is only concerned with species in
a single phylum, there are wide variations of morphology, physiology,
and biochemistry among the numerous mammalian species.

The majority of hepatotoxicity tests have been done using the
rat and much has been learned about hepatotoxic response in this
model; however, the rat has been used principally because of conve-
nience and economy, not necessarily because it is the best animal
model for predicting human response to toxic chemical substances. In
hepatotoxicity testing, structural and ultrastructural changes in the
liver produced by toxic agents have been Investigated in mice, rats,
hamsters, guinea pigs, rabbits, dogs, cats, cattle, swine, horses,
sheep, and birds.

As noted earlier a major morphologic difference between the rat
and man is that the rat has no gall bladder. Also, the rat liver is
generally not as readily affected by chemicals as is that of the dog,
or that of man. Gray (1976) states that the rat is preferrable for
detecting enlargement of the liver, and this effect generally
provides a more sengitive test for detecting hepatic damage in this
animal model than either serum enzyme activites or light microscopic
changes. Gray further reports that the dog, especially the beagle,
is more sensitive and reliable for predicting effects in man, and
that the monkey is more variable and less susceptible than the dog

with regard to liver injury by chemicals,
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2.5 Summary

Morphologic examination is an essential aspect of the assessment
of toxic substances in laboratory animals. It provides at least a
tentative and often a definitive description of the toxic effects of
chemical substances and may provide information on the mechanism of
toxic action. Nonetheless, the extent to which morphologic examina-
tion is implemented is a matter of judgement, in which the purpose of
the study as well as the associated increases in manpower and
finances must be considered.

The liver is the principal detoxification organ of the body and
is the organ most commonly affected by chemicals. These effects can
be observed with increasing sensitivity, understanding, and expense
as the degree of magnification increases from that of the naked eye,
to the light microscope, and to the electron microscope, which has
magnification power of nearly 450,000. Gross morphology alone is
generally considered sufficient for exploratory studies and acute
toxicity testing. A pathologist or an appropriately trained individ-
ual should assess the gross changes. Light microscopy may also be
necessary in acute toxicity>testing to provide a more definitive
description of liver lesions. Light microscopy is the minimum
required for sub-chronic and chronic investigations. At present,
electron microscopy is usually reserved for research into mechanisms

of action because of the costs and time involved.
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Rats are the most commonly used animal for acute and chronic
studies of systemic toxicity. Dogs, expecially pure bred beagles,
are being required increasingly for regulatory studies of chronic
toxicity as well as for research. Dogs are more sensitive to the
effects of hepatotoxins than rats; however, they are not as con-
venient as the rat and are much more costly to use, The rat is the
recommended species for short-term testing. Other species (e.g.,
primates, guinea pigs, rabbits, and hamsters) are rarely used in

short-term hepatotoxicity testing.
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3.0 FUNCTIONAL INDICATORS OF HEPATIC DAMAGE

The three basic functions of the liver are (1) secretion of bile
into the gastrointestinal tract; (2) filtration of the blood, and
storage of such vital components as glycoge~, vitamins and iron; and
(3) biochemical reactions related to the majority of metabolic sys-
tems of the body. A number of tests have been used to detect and
monitor hepatic functional damage in experimental animals. Only a
few testing techniques have been sufficiently sensitive, specific,
reliable, and simple to perform to be used regularly in evaluating
hepatotoxicity in animals., Most functional testing investigates the
rate of hepatic elimination of either exogenous (e.g., sulfobromoph-
thalein, indocyanine green) or endogenous (e.g., bilirubin) sub-
stances. The following sections describe the tests used to monitor
hepatic function.

3.1 Dye Clearance Tests

Measurements of uptake from the blood and excretion of exogenous
dyes through the biliary system have been used to monitor liver func-
tion. The most widely used dye for this purpose in the past has been
sulfobromophthalein (BSP); however, more recently, indocyanine green
(ICG) has been used.

3.1.1 Sulfobromophthalein Excretion

BSP is administered intravenously and the concentrations in the
blood at a single or at multiple samplings are determined spectro-

photometrically at 580 nm. In most screening protocols, the amount
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of dye remaining in the plasma is determined at a set interval after
injection. Several determinations are made when the kinetics of dye
elimination are being examined. A difficulty in animal testing is
taking accurately timed blood samples, because BSP is rapidly elimi-
nated in laboratory animals such as the rat and rabbit. In obtaining
blood samples, even a difference of only 20 seconds can cause abnor-
mal readings (Street 1970). BSP levels are expressed as the percent
of dose retained in blood. In most laboratory animals, when an
appropriate dose is administered, retention of over 5 percent of the
dose in 45 minutes would be abnormal.

As would be expected, there are considerable species variations
in the ability of different species of laboratory animals to remove
BSP from plasma. Both the rat and rabbit clear the material quickly,
while the dog clears it relatively slowly. The rat and rabbit
excrete BSP at approximately 1 mg/min/kg, while the dog excretes this
substance at approximately 0.1 mg/min/kg. For this reason, the opti~
mum dose of BSP will vary, depending upon the species and strain of
animal used. An incorrect selection of a dose can produce misleading
results (Plaa 1968). One reason for this difference between animal
specles is that in some animal species, substantial amounts of BSP
may be excreted by the kidneys in addition to active biliary excre-
tion by the liver, thus influencing the rate of clearance from
plasma, The rate of BSP excretion can be affected by a number of

factors in addition to the dose of the test substance. BSP is
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conjugated in the liver with glutathione, and therefore its rate of
excretion is dependent upon the availability of glutathione for con-
jugation. The administration of or exposure to drugs, chemicals and
enzyme inducers, can either increase or decrease dye excretion rates.
Other factors which may affect excretion rates are: hepatic blood
flow changes, extrahepatic disease, cardiac failure, hepatomegaly,
fever and shock.

Even though a number of factors influence BSP retention, it is a
sensitive and useful technique for assessing liver function and it
should have application in a screening program. Table B-1 in Appen-
dix B lists a number of substances that have been examined using BSP
clearance techniques.

3.1.2 Sulfobromophthalein Transport Maximum

The transport maximum (Tm) for BSP has been used to a limited
extent in dogs (Wheeler et al. 1960), and in rabbits and rats (Klaas-
sen and Plaa 1969), for the evaluation of liver function. The Tm is
a serum concentration at which the elimination of BSP attains a con-
stant maximal rate. This requires BSP infusion at increasing rates
unt il the transport mechanisms are saturated. The Tm is then deter-
mined. This technique is too involved and not sufficiently sensitive
to be practical in a routine testing program.

3.1.3 Indocyanine Green Excretion

A dye that has more recently come into use is indocyanine green

(ICG). 1ICG is rapidly excreted in bile in an unconjugated form at a
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rate similar to that of BSP. ICG is not removed from the body by
extrahepatic means, as is BSP. It is totally excreted into the bile.
For these reasons, ICG is now employed in some laboratory animal
studies in place of BSP (see Table B-l.l in Appendix B)., As with
BSP, ICG is administered intravenously and its disappearance from
the blood is measured spectrophotometrically in blood samples taken
at accurately timed intervals. ICG has the disadvantage of being
unstable in aqueous solutions. Its decomposition can be prevented

by mixing it with serum or an albumin solution, since it is rapidly
and completely bound to albumin and other serum proteins.

3.1.4 Indocyanine Green Transport Maximum

The transport maximum (Tm for ICG) has been used to a limited
extent in laboratory animals (Hargreaves 1966). As with BSP, the
plasma level of ICG can be sufficiently increased to saturate the
biliary transport mechanisms and then the Tm can be determined. The
measurement of Tm for ICG is too involved and not sufficiently sen-
sitive to be useful in the routine screening of chemical substances
for hepatotoxic activity.

3.1.5 Rose Bengal Excretion

A third dye, rose bengal, is historically interesting~-it was
the first dye to be used in liver function testing., The dye is ad-
ministered intravenously, and its elimination is measured in animals
either through blood clearance procedures or through detection in the

contents of the intestine. BSP or ICG has replaced rose bengal for
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most studies. A new method which uses labeled (1311) rose bengal is

now available, The rate of accumulation and/or clearance is recorded
by use of a scintillation counter., Rose bengal 1311 {g useful in
specialized research studies and is a relatively expensive procedure
for monitoring liver function.

3.2 Bilirubin Clearance

Bilirubin is present in the serum and originates from the break-
down of hemoglobin in red blood cells, a process that takes place in
some of the cells of the reticuloendothelial system. The plasma al-
bumin, to which the bilirubin becomes attached, transports it to the
liver. Bilirubin is conjugated in the liver with glucuronic acid,
whereupon the hepatocytes actively excrete it into the bile canalic-
uli. Some unconjugated bilirubin is also excreted into bile by the
hepatocytes. Total serum bilirubin levels include both conjugated
and unconjugated bilirubin. The present-day procedure is to deter-
mine unconjugated and total bilirubin, and assume that the remainder
is conjugated.

Levels of serum bilirubin are quite similar in dogs and humans
(normal 1.0 mg/dl), but all other common laboratory mammals have very
low levels, including rats (Street 1970); mice (Casals and Olitsky
1946); and monkeys (Benjamin and McKelvay 1978). These low normal

levels make small increases difficult to determine. In laboratory

animals, however, it is useful to determine if urobilinogen (formed




from bilirubin in the intestine by bacterial action) is present in

feces, and to use that measurement to aid in the diagnosis of liver
damage.

Urobilinogen in the urine is also a useful indicator of liver
damage. Urobilinogen, formed in the intestine and reabsorbed into
the plasma, is normally eliminated via the liver. When hepatocytes
are stressed or damaged, urobilinogen accumulates in the plasma and is
excreted by the kidneys. However, increased hemoglobin breakdown in
cases of increased red blood cell destruction may also lead to uro-
bilinogen in the urine.

Some substances, when present in the body, can interfere with
(a) hepatocellular uptake of bilirubin (e.g., flavaspidic acid);

(b) its excretion (e.g., anabolic steriods); or (c) both its uptake
and excretion (e.g., rifampicin) (Davidson et al. 1979). Thus,
chemicals can, by various means, cause rises in serum, urine, and
fecal forms of bilirubin.

All the methods used for bilirubin assay depend upon formation
of azobilirubin using diazotized sulfanilic acid. The intensity of
the purple color (azobilirubin) formed in this method is determined
by colorimetry or spectrophotometry, and is proportional to the
bilirubin in the sample. The most popular methods of estimating the

serum (plasma) bilirubin are the Jendrassik-Cleghorn and Ducci-Watson

36




—~—

T T e T

modifications of the 1937 Malloy-Evelyn techniques, Davidson et al.

(1979) have reviewed and described these procedures. Studies where
bilirubin metabolism and clearance have been examined are shown in
Table B-1.2 in Appendix B.

Urobilinogen in the urine is also detected using methods involv-
ing the diazo reaction. Rather crude, but very useful methods, which
are popular in the animal laboratory, are the "dip sticks” impreg-
nated with diazo reagent. If urine is positive, it is quite likely
to contain urobilinogen, which is abnormal., In exposure to hepato-
toxins, including certain pharmaceuticals, a positive test for bili-
rubinuria may be the earliest indication of liver damage (Bradley et
al. 1979).

3.3 Biliary Transport Maximum

The bilirubin transport maximum (Tm) can be determined by infus-
ing sufficient bilirubin to saturate the transport and conjugation
mechanisms of the liver. In this technique, the animal is anesthe-
tized, and the femoral vein and bile duct are cannulated. The bili-
rubin is infused into the femoral vein and bile samples are collected
from the bile duct. The maximum amount of bilirubin excreted in the
bile per unit time as the infusion level is increased is the trans-
port maximum (Tm). The use of 14C~bilirubin simplifies the analysis
of samples. This test {s a sensitive measure of hepatic function

(Zimmerman 1979a), but it is laborious and complex to perform and is
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currently used only for research purposes. However, it may have
application in more advanced levels of screening (Level II or Level
III) of a testing program.

3.4 1In Vitro Techniques

A number of in vitro models are available for use in the study
of hepatic function. These include perfused liver, liver slices,
suspended or cultured isolated fresh hepatocytes, liver homogenates,
and isolated organelles from hepatocytes. Each of these model sys-
tems is described in detail in Section 4.4 and studies using these
model systems are shown in Appendix D. Most studies using these
model systems have dealt with liver metabolic activity. Neverthe-
less, the in vivo techniques described above for dye clearance,
bilirubin clearance, and bile flow can be adapted to some of the in
vitro models.

3.5 Radioisotopic Techniques

Radioisotopes have been used extensively in studies of hepatic
physiology and function. Radioisotopes have been especially useful
in monitoring blood flow to the liver, and in determining the con-
figuration and size of the liver by using either scintillation or
imaging techniques. Many of the exogenous substances used in the
various tests described in this document have been labeled with
radioactive isotopes. Most common among these substances are lac-
bilirubin, 14C—cholylglycine, 58¢o- or 6OCo—cyanocobalamine,

1311-8Sp and 13l1-rose bengal. The use of radiolabeled
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substances simplifies the analytical techniques necessary to measure

the rates at which these substances disappear from the blood,
accumulate in the liver, or are eliminated and excreted from the :
body.
Radioactive colloids, which are taken up by reticuloendothelial
cells, are used for nuclear imaging. Some of the radiolabeled sulfur
]
colloids which have been used include gold (198 py or 199 Au), ]

indium (113m1n) and technetium (99mTc). The areas in the liver

that fail to accumulate radioactivity at the time of nuclear imaging
represent pathological processes.

1317 and 9%Tc-labeled albumin and 133Xe remain in the
blood, and have been used for liver perfusion studies to measure
blood flow rates (Zimmerman 1979a).

The investigation of liver dysfunction using radioactive
substances, except where noted in other sections, has been used
principally for research purposes. These techniques would not be
useful currently for routine screening, except possibly in the later
stages of a screening program where hemodynamic measurements are
necessary in studying the mechanisms of damage.

3.6 Summary

Many different tests have been developed to monitor hepatic
function. Only a few tests, however, have been sufficiently sensi-
tive, specific, reliable, and simple to perform to be used in routine

hepatic testing. The tests described in this section investigate the
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rate of hepatic elimination of exogenous dyes (e.g., sulfobromophtha-
lein, indocyanine green) and endogenous substances (e.g., bilirubin).

The most widely used dye for monitoring liver function in the
past has been sulfobromophthalein (BSP). BSP is conjugated in the
liver with glutathione before elimination; thus its elimination is
dependent upon the availability of glutathione in the liver. When
glutathione is available for conjugation, BSP is rapidly eliminated
from the plasma. Even though a number of factors influence BSP
elimination rates, it is a sensitive measure of liver function.

In recent years, BSP in animal laboratory work has been par-
tially replaced by indocyanine green (ICG). ICG is also rapidly
eliminated from the plasma; however, it is eliminated in an unconju-
gated form. Therefore, its excretion is not dependent upon the
availability of a conjugation mechanism. ICG 1s also not affected by
as many other factors as BSP. Transport maxima (Tm) (i.e., the maxi-
mum amount of dye excreted per unit time) have been measured for both
BSP and ICG by infusing sufficient dye to saturate the biliary elimi-
nation mechanisms. The Tm determinations have not been widely used
and are not considered useful for routine toxicity screening.

Rose bengal was the first dye used in liver function testing,

It was not considered as sensitive as BSP, so it was replaced and not
used much for many years. Recently, 1311_1abeled rose bengal has
been used to a limited extent for specialized studies. The other
dyes (i.e., BSP and ICG) can also be radiolabeled to simplify the

analytical techniques.
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Bilirubin is an endogenous substance present in the serum and
originates from the breakdown of hemoglobin in red blood cells. It
is conjugated in the liver with glucuronic acid and eliminated in the
bile. Most common laboratory animals such as rats, mice, and monkeys
have very low normal levels of bilirubin in serum. Accordingly,
small increases due to hepatic damage are difficult to detect in
these animals. A more useful and sensitive technique in laboratory
animals is the detection of urobilinogen (formed from bilirubin) in
urine. Urobilinogen in urine is abnormal and is one of the earliest
indications of liver damage. Simple "dipsticks” are available for
detecting urobilinogen in urine.

The bilirubin transport maximum (Tm) can be determined by infus-
ing sufficient bilirubin to saturate the biliary transport system.
This technique is laborious to perform and is currently used only for
research purposes. Nevertheless, it is a sensitive measure of hepa-
tic function and may be performed using l4c_1abeled bilirubin,
which simplifies the analysis of samples.

All of the techniques described in this section can be adapted
for use in in vitro model systems, such as perfused liver and liver
slices. These in vitro models provide the advantage of carefully
controlled biochemical parameters; nevertheless, they are only used
for research purposes and would not be considered useful for routine

hepatic screening of toxic substances.
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4.0 BIOCHEMICAL INDICATORS OF HEPATIC DAMAGE

The liver is an organ of diverse biochemical activity. It is
the principle detoxification organ of the body and performs many
metabolic functions related to carbohydrate, lipid and protein
metabolism and the storage of metabolic products. Tests that monitor
these biochemical metabolic mechanisms can provide information
concerning hepatic dysfunction and damage.

Sections 4.1 and 4.2, respectively, describe the use of serum
enzymes in detecting hepatic damage and the monitoring of carbohy-
drate, lipid, protein and xenobiotic metabolism for hepatic dysfunc-
tion, Section 4.3 describes methods for the monitoring of serum
metal levels as measures of hepatotoxicity. The final section (Sec-
tion 4.4) describes the use of in vitro model systems in the biochem-
ical assessment of hepatotoxic potential.

4,1 Serum Enzymes

Enzymes are proteinaceous catalysts which are essential to most
of the chemical reactions in living organisms. They are normally
present in tissue cells and body fluids and are at low levels in
blood plasma. These low levels of circulating plasma enzymes are
most probably not biologically significant. They represent those
enzymes released during natural cell attrition. However, when an
unusually large number of cells are destroyed or injured, a rela-
tively large quantity of one, or several enzymes may be released into

tissue fluid and plasma, When cells are injured, Serum Cholinesterase
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formation is impaired. These increases, or decreases, in plasma
enzyme levels form the basis of enzyme tests to detect cellular mal-
function or injury.

The effective use of enzyme levels for diagnosis of liver cell
dysfunction in human and animal disease arose with the work of Karmen
et al, (1955) who published descriptions of methods for determining
blood transaminases, and associated their fluctuations in plasma with
myocardial infarction (humans) and liver disease (humans and ani-
mals). That began an intense search for serum and tissue enzyme
changes which could be associated with organ (especially liver) dys-
function,

The exact mechanisms by which enzymes are released is not fully
understood. The stressed cell may release enzymes because of toxic
effects on its functions (such as increased cell membrane permeabil-
ity), internal biochemical changes, or cellular degeneration (necro-
sis) (Cornish 1971)).

The Commission on Enzymes of the International Union of Biochem-
istry has defined an International Unit (U), sometimes IU, as the
amount of enzyme that catalyzes the conversion of 1 micromole (micro-
equivalent) of substrate or coenzyme per minute under the defined
conditions (temperature with optimal pH and substrate concentration)
of the tests. Since enzymes are present in serum or tissue in very
small amounts, methods of direct measurement are not readily avail-

able. Enzyme levels are therefore expressed in "activity units”,
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indicating their capacity to function as catalysts. They are deter-
mined in one of three ways: (1) increase in concentration of a
product, (2) decrease in concentration of a substrate, and (3) rate
of change in concentration of a coenzyme, which is a measure of the
rate of reaction (Zimmerman 1979b). The third method is most com-
monly used because coenzymes are readily detected by U.V. spectropho-
tometry.

The great variety of methods, apparatus, instruments of measure-
ment and differences in reported 'normal' or 'control' levels attest
to the fact that determination of enzymes is still difficult, and at
times controversial. Expert guidance and experience with laboratory
procedures is essential to produce dependable results. Each labora-
tory usually sets up its own standards, quality control, and 'normal'
values. In most instances, especially in animal laboratories, the
exact normal level is not as important as is the detection of changes
in activities.

In addition to genetic variations between species, sub-species
and strains or breeds of experimental animals, a varilety of physio-
logical factors cause changes in enzyme activities. These variations
may be minimized in part by using control groups--as with rats and
mice~-or by using each animal as its own control--as with dogs and
monkeys—-by determining enzyme activity before, and several times
during the testing procedure. Not only do endocrine fluctuations,
age, and sex alter enzyme activity, but animals may vary diurnally,

seasonally, in different nutritional and disease states, and also
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under the influence of many chemical and physical conditions. Simple
variations in experimental procedures can alter results, such as the
following: (1) difficulties in obtaining blood samples causing
hemolysis of cells; (2) changes in sample pH; (3) samples standing at
room temperature; (4) the presence of anticoagulants; (5) duration of
storage, even at low temperatures; (6) presence of natural pigments
in the plasma; and (7) presence of lipids or any unusual plasma
contents,

The amount of an enzyme in circulating plasma at a given time
depends upon several factors, including (1) size of the organ
producing 1it; (2) the proportion of that organ which is being
induced to release it; (3) the time of measurement (some cells
release measurable amounts within minutes, some take hours or days;
(4) whether there are enzyme inhibiting or destructive factors pre-
sent; (5) whether the injury causes increased or decreased produc-
tion, or increased or decreased release; (6) whether one or more
organs is injured; (7) whether cell permeability is altered; (8) the
extent to which excretion into bile, intestine, or kidney is
increased; and (9) viral interference with uptake of the enzyme,
(e.g8., lactic dehydrogenase by the reticuloendothelial system).

Enzyme measurements have the following advantages when compared
with other tests for hepatotoxicity: less labor is expended; early
damage may be detected; and serial measurements and injury compari-

sons can be made as well as measures of potentiation, adaptation, or
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depression by other agents. Some of their limitations are: inabil-
ity to differentiate between increased permeability of membranes and
cell necrosis; uncertainty regarding the source of enzymes detected,
since they may come from organs other than the liver; and failure to
detect damage, since in some cases, injury may not cause any rise in
enzyme levels. In laboratory animal testing, other means such as
light- or electron microscopy, should be used in conjunction with
biochemistry to determine which toxic lesions have occurred. The
following sections will describe the most useful enzymes for detect-
ing liver dysfunction and damage in laboratory animals.

4.,1.1 Transaminases

Hepatocellular malfunction can be detected by changes in the
activity of serum glutamic-oxalacetic transaminase (SGOT)* and
serum glutamic-pyruvic transaminase (SGPT),* which are found in
blood plasma., Their activities are easily measured by a variety of
instrumental techniques that detect the concentration of the coenzyme
nicotinamide adenine dinucleotide (NADH), involved in the formation
of oxaloacetate or pyruvate., Analytical methods include simple
colorimetry (Reitman and Frankel 1957) and ultraviolet
spectrophotometry (Wroblewski and LaDue 1956). Commercial

autoanalyzers using micromethods are also available.

*The currently accepted nomenclature for glutamic-oxalacetic and
glutamic-pyruvic transaminase (GOT and GPT) is aspartate and alanine
transaminase or aminotransferase, GOT and GPT will be used through-
out this document because they are widely used and understood.
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The results of these enzyme determinations were previously ex-
pressed in Karmen Units; however, in the last few years International
Units (IU) have become more commonly used. A Karmen Unit (KU) is a
measure of rate of change in the concentration of NADH. These units
may be converted to International Units or micromoles of NADH oxi-
dized per milliliter of serum per minute (Karmen 1955).

SGOT is increased by cell damage in may tissues other than those
of the liver, including brain, erythrocytes, kidney, skin, pancreas,
cardiac and skeletal muscle tissues, The normal ranges for several
species are shown in Table 4-1.

SGPT arises almost exclusively from liver cell damage; although
nyocardial damage may cause smwall increases, It is also quite con-
sistent among species, as shown in Table 4-1. When the hepatocytes
are damaged, the concentration of SGPT rises somewhat higher than
does that of SGOT and it remains high longer.

Determinations of SGOT and SGPT are routinely used in clinical
and experimental work even though some of the enzymes to be discussed
below are more sensitive, reliable and specific to the liver. SGOT
and SGPT values may be correlated in hepatotoxicity screening and are
conveniently measured at the same time enhancing their significance.
These are retained in the toxicology armamentarium because of famili-
arity, experience with deviations, years of accumulated records of

control and experimental groups, availability of apparatus, and cost
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TABLE 4-1

MEAN LEVELS AND STANDARD DEVIATIONS
OF GOT AND GPT IN 22 ANIMAL SPECIES

. Enz%gg
‘< Species SGOT SGPT
k. Man 9+3 7+3
a | Monkey (Range) 12 (10-13) | 11 (4-18)
- Dog (Range) 9+2 11+ 4
1 Ferret 469 14% 3
_ Cat 13+2 12+ 8
L Rat 52+18 7+ 2
- Mouse (Range) 2945 9+ 3
- Guinea pig 2348 13+ 2
Hamster 39+14 13+ 5
Rabbit 16+6 14+ 4
Pig (Range) 30 (25-35) { 24 (13-36)
3 Cow 33+8 1%+ 3
Sheep 36+21 8+ 3
Goat (Range) 21 (15-29) (Single value)
Horse 62421 5+ 1
j Goose 1345 5+ 2
Duck 21+16 6+ 2
Chicken 48+13 8
Pigeon 49+18 15+11
Snake (Range) 15 (10-25) 12 (4-20)
Alligator 56+11 6+ 2
Carp 52+20 8+ 4

Values expressed in International Units.

3 Excerpted from Zimmerman, Schwartz, Boley & West (1965).

*
i Values derived from less than 5 animals are shown as
the average with the range in parentheses.
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of alternative procedures (Zimmerman 1978). Studies examining SGOT

and SGPT levels in various animal species are shown in Table C-1 of
Appendix C.,

4,1.2 Alkaline Phosphatase (ALP)

Alkaline phosphatase (ALP) is one of the many and varied phos~
phatases present in liver cells, which hydrolyze esters of phosphoric
acid. ALP at pH 9.0 to 9.3 hydrolyzes monophogphoric esters, releas-
ing inorganic phosphate. This phosphatase was the first enzyme to be
associated with human disease. Gutman et al. (1936) associated it
with osteoblastic (bone building) cellular activity. Since then, it
has been found in many other tissues including liver, intestine,
spleen, blood cells, kidney, and placenta. This enzyme's serum
activity has been found to be higher in the young animal than in the
adult. Levels vary inconsistently, probably reflecting vari-
ations in bone-building activity.

Alkaline phosphatase activity is determined by measuring the
amount of phosphate ester hydrolyzed per unit time. The phosphate
esters most commonly used in the analytical procedures include beta-
glycerophosphate, p~nitrophenylphosphate, or phenolphthalein diphos-
phate. The amount of inorganic phosphate--or free chromogen
(p-nitrophenol or phenolphthalein)--is then determined (Davidson et
al. 1979). Determinations of ALP can be made easily on 0.25 ml of
serum by spectrophotometry, Hemolysis of the sample does not inter-

fere with the analysis. Normal adult rats have ALP activities in the
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range of 200~850 IU (Street 1970). Normal activity in the dog is
20-85 IU (Benjamin and McKelvie 1978).

It was thought for some years that the liver acted only as the
excretory organ for phosphatase eliminated from the bone and that
liver disease interfered with that excretion (Butman 1959). It is

now though that both functionsg--production and excretion--take place

in the liver (Zimmerman 1978). Since the liver excretes ALP into the
bile, any toxic injury to the liver cells involved in biliary excre-
tion or congestive disorders of the biliary canaliculi will result in
elevated plasma levels of ALP., Chlorpromazine damage in animals pro-
duces hepatocellular and hepatocanalicular obstruction, leading to ]
greatly increased levels of plasma ALP. Generalized necrosis from
chlorpromazine, carbon tetrachloride, and pathological conditions
such as hepatitis, are known to raise the ALP levels proportionally
to the extent of damage (Korsrud et al. 1972). It can be expected
that plasma ALP levels will rise in response to any disease or chemi-
cal insult that produces liver necrosis. ALP is thus a general indi-
cator of liver function, which 1s especially sensitive to biliary
obstruction. As would be expected, changes in ALP plasma levels cor-
relate well with other measures of biliary excretion, such as the BSP
and ICG clearance tests (Benjamine and McKelvie, 1978).

As noted above, ALP is found in many tissues and damage to them N
can also lead to increased plasma levels. For example, Keefe et al.

(1978) found that orally administered chloroform (a vermifuge) acted
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on the mucosa of the small intestine in dogs to release ALP into
blood serum without causing microscoplcally detectable lesions.

Thus, serum ALP activity may increase, due to nondetectable intesti-
nal lesions in the absence of liver dysfunction. Keefe et al., (1978)
stated that the dog is a good subject for ALP determinations, while
the rat is not, since the levels for the rat are so much higher (3-10
times) than for the dog and small changes may go undetected. The dog
has serum ALP activity similar to man and shows similar changes in
ALP activity during hepatic dysfunction,

Since the ALP from the different tissues occurs as isoenzymes,
it is possible to separate and identify them by various means: elec~-
trophoresis, selective absorption, solvent precipitation, denatura-
tion, chemical affinity or inhibition techniques (Saini 1977). Such
separations are used principally for research applications. They are
too cumbersome and time-consuming for short-term toxicity testing.

In spite of its non-specificity, ALP 1s commonly used because of its
historical data base. Studies where ALP actlivity was examined are
shown in Table C-1l.1 in Appendix C.

4.1,3 Ornithine Carbamyl Transferase (OCT)

Ornithiae carbamyl transferase (OCT) was first described by
Krebs and Henseleit in 1932 (Tegeris et al. 1969). This transferase
was thought to be present in animal tissues only; however, in 1958,

Reichard and Reichard described a method for its determination in
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human serum. OCT is involved in nitrogen metabolism, specifically in

the formation of urea, by catalyzing the reversible conversion of
ornithine to citrulline.

OCT is a highly specific enzyme for the liver with only one per-
cent of the total serum activity arising in the intestines and a few
other tissues; nonetheless, it has not been as widely adopted to
detect liver dysfunction and disease, principally because the analy-
tical methods have not been adequately standardized and automated,

The methods for determining serum OCT activity involve monitor-
ing the 0CT-catalyzed breakdown of citrulline to ornithine in the
presence of arsenate, liberating CO, (Reichard 1964). Current
techniques use l4c-1abeled citrulline as the substrate, and the
amount of 1"Coz released during reaction is estimated by scintil-
lation counting (Reichard 1964; Korsrud et al. 1973; Drotman 1975).

Although normal serum levels are low, they rise spectacularly in
liver cell necrosis. Tegeris et al. (1969) report that human toxic
hepatitis patients have levels of 7 to 63 IU, compared with normal
levels of 0-2.5 IU. 1In acute chemical liver necrosis in humans, the
OCT rises steadily and persists for about three weeks (Wolf and
Williams 1973).

In the dog, and swine, liver injury caused by carbon tetrachlor-
ide can raise the OCT activity 100 times the control level in 24
hours, and 500 times the control level in 48 hours (Benjamin and

McKelvie 1978; Tegeris et al., 1969)., The data show that in the dog
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OCT levels parallel transaminase (i.e., GOT and GPT) levels, except
that the percent rise is much greater with OCT. In 1975, Drotman
published the results of a study on the effects of carbon tetra-
chloride on rat liver release of OCT. The OCT range of activity
varied from 0.6-6.0 (control) to 620-3200 mole/24 hr/1 serum when
carbon tetrachloride was administered at a dose of 300 pl/kg.
DiVincenzo and Krasavage in 1974 determined OCT activity in normal
dogs (0-39 IU); cats (0-4.7 IU); rats (0.2-1.6 IU); guinea pigs
(0-8.9 IU); and rabbits (0.9-4.9 IU).

Concidering the results of research using OCT as a measure of
chemical liver injury in animals, it should be seriously considered
as a highly specific liver microsomal injury test, although further
development and standardization of the analytical techniques is
needed before serum OCT can be monitored routinely in short-term
screening programs. Studies examining OCT activity in various ani-
mal species are shown in Table C-1.2 of Appendix C.

4.1.4 1ditol Dehydrogenase (ID)

ID catalyzes the reversible conversion of sorbitol to fructose,
an important step in carbohydrate metabolism. Also known as sorbitol
dehydrogenase (SDH), it is present in normal liver cells and in mini-
mal amounts in serum, semen and skeletai muscle. 1D appears in large
quantities in serum when there is toxic, infectious, or hypoxic liver
injury, making it a fairly specific indicator of liver cell damage

(Wolf and Williams 1973). Asada and Galambos (1958) measured ID in
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the liver cells and blood serum of rats that had been given carbon
tetrachloride. The dose-related rise of the enzyme activity was
rapid in serum (beginning in 24 hours), and the corresponding fall in
tissue levels was also rapid when administration was terminated. The
highest serum levels reached were about 500 IU in 48 hours.

Strubelt et al. (1978) determined serum ID activities in mice
before and after treatment with ethanol and several other toxic
chemicals. 1ID rose from 10 IU/1 (control) to over 1100 IU/1 after
treatment with ethanol or bromobenzene. Korsrud et al. (1973) found
that ID was the most sensitive serum parameter studied among OCT, ICD
(isocitric dehydrogenase), GOT, GPT, MDH (malic dehydrogenase) and
LDH (lactic dehydrogenase), when the chemicals thioacetamide,
dimethyl nitrosamine, or diethanolamine were administered to rats.

ID increased sooner after smaller doses of the toxic substances than
any of the other enzymes mentioned above.

Methods for the detection of 1D depend upon the rate of oxida-
tion of the coenzyme NADH (nicotinamide adenine dinucleotide) to NAD.
The rate of oxidation is estimated spectrophotometrically. Determi-
nations can be made on 1.0 ml or less of unhemolyzed serum. ID
activity in normal human serum is 1.0 IU/ml; in the normal mouse, it
is 0.0l IU/ml and in the normal rat, it is 0.057 IU/ml (Strubelt et
al. 1978); normal levels in other animals are not available. The
differences among normal serum levelé of this cytoplasmic enzyme may
require adjustment of the substrate levels. Studies examining ID

activity are shown in Table C-1.3 of Appendix C.
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4.1.5 Gamma-glutamyl Transpeptidase (GGT)

Gamma-glutamyl transpeptidase (GGT) transfers the gamma-glutamyl
moiety from one peptide to another or to an amino acid. It 1is found
in the hepatocyte and bile ductules of the liver, and in the pan-
creas, and kidney., Although the quantity is greatest in kidney tis-
sue, the origin of serum GGT is the liver (Malherbe et al. 1977).

The chief interest in this enzyme is that it originates mainly in the
smooth endoplasmic reticulum (SER), rather than in the cytoplasm of
the liver cell, and it responds to chemical substances which induce
SER enzymes (Davidson et al. 1979). That property is of concern in
laboratory animal testing since in some instances, it is necessary to
use Inducers to increase enzyme activity prior to or concurrent with
administration of the test substance. Elevations in observed GGT
levels may be attributable to the inducer and not the test substance.
Methods of determination vary, but most of them require the use of a
spectrophotometer. Normal ranges vary with each method and few con-
trol animal levels are available.

GGT is a sensitive indicator of hepatobiliary dysfunctior and is
a more sensitive and specific indicator of cholestasis than the
transaminases, which respond to most kinds of liver damage (Davidson
et al. 1979). 1t is not affected by bone diseases or other osseous
changes; consequently, it is useful in evaluating the significance of

elevated ALP activities.

56




ey

Pl

Malherbe et al, (1977) studied the GOT and GGT activities in the

serum of sheep with liver damage (lupinosis) produced by a mycotoxin.
They found that GGT was most valuable in revealing early, low grade,
acute and chronic intoxication while GOT gave a better indication of
severe, acute damage and that GGT and GOT together gave the best
information on the course of the liver toxicosis. Changes in activi-
ties of both enzymes also paralleled histopathologic changes. How-
ever, GGT is not considered by Davidson et al., (1979) to be useful in
srall laboratory animals such as rats, mice and hamsters because of
low serum level concentrations even in the presence of liver damage,
Nonetheless, it may be useful in experimental toxicity studies in
laboratory animals (e.g., dogs) that show a large variability in
serum ALP activities. Studies examining GGT activity in various

animal species are shown in Table C-1.4 of Appendix C.

4,1.6 Llactic Dehydrogenase (LDH)

Lactic dehydrogenase (LDH) catalyzes the reversible oxidation of
lactate to pyruvate. It is an almost universal enzyme found in all
types of tissue including muscle, kidney, liver, brain, pancreas,
bone marrow and lung. Many types of tissue damage and disease will
increase serum LDH levels. LDH activity is best measured by observ-
ing the appearance of the coenzyme NADH spectrophotometrically with
lactic acid as the substrate.

Fractionation of the various isoenzymes of LDH by agar gel elec~-

trophoresis (Zimmerman and Seeff 1970) greatly enhances the
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usefulness of the test. The specific isoenzymes identify the damaged
organ of origin of the raised LDH in situations where GOT, GPT and

other enzyme activities are all elevated. Cornish et al. (1971)

reported the identification of serum LDH isoenzyme patterns in serial
samples after treating rats with mercuric chloride. The early
samples taken one half to four hours after treatment showed increased
levels of LDHg and slight increases of LDH, characteristic of

liver damage. The later samples showed marked elevations of LDH;

and moderate elevations of LDH; characteristic of kidney damage.

When isoenzyme patterns are examined in a study, serial blood samples
should be taken, since a single sample may be misleading if it is not

collected at or near the time of maximum tissue release for the

isoenzyme being examined. Representative studies examining LDH i
activities in the rat and rabbit are shown in Table C-1.5 of Appendix
Cl

4,1.7 Additional Enzymes

Following are brief descriptions of additional useful enzymes
that may be, or have been determined in toxicity testing but which
are not commonly included in routine testing at this time. As with
other blochemical tests for hepatotoxicity, many of these additional
tests have clinical utility, which enhances their value in relating
animal toxicity data to man. Methods of determination are similar to
thoge used for the more frequently determined enzymes. These

essentially consist of analysis for disappearance of a substrate or
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appearance of an end product. Sensitivities are enhanced by using
radiolabeled substrates specific for the enzyme under investigation,
It should be noted that most of the following tests are being used in
research and in special studies. They may be better than those used
at present, but laboratories tend to retain tests because of their
long familiarity and historical values, in spite of reported better
results.

Malate Dehydrogenase (MD)

This enzyme catalyzes the reversible oxidation of malate to
oxaloacetate., MD is present in the cell cytosol, but is present in
greatest quantities in the mitochondria, which may account for its
slow or prolonged release after cell damage. Cytoplasmic enzymes are
usually released more rapidly than those from mitochondria, Serum MD
activity rises after hepatic cell necrosis (Zimmerman and Henry
1979¢c), but does not rise much after myocardial damage (Zimmerman and
Seeff 1970). It increases to a relatively higher level than do LDH
isoenzymes for the same amount of necrosis and can be useful in spe-
cial situations where effects on bone, kidney or pancreas are not
involved (Zimmerman and Henry 1979c¢). It is used also when LDH
is,enzymes are not determined. Studies examining MD activity in the
rat and rabbit are shown in Table C-1.6 of Appendix C.

Isocitrate Dehydrogenase (ICD)

This enzyme catalyzes the conversion of isocitric acld to

alpha-ketoglutarate and is mainly a mitochondrial enzyme. Levels of
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activity are high in acute hepatic necrosis, as from heavy doses of
carbon tetrachloride; but ICD is not more specific than GPT
(Zimmerman and Henry 1979c) and it is only slightly elevated for
cirrhosis and obstructive jaundice. It has potential for being a
specific test for acute hepatic necrosis. Table C-1.7 of Appendix C
shows studies where ICD activities have been measured.

Serum cholinesterase (CHE)

The cholinesterase of the serum (CHE) has been referred to as a
“pseudocholinesterase”, to distinguish it from the "true" cholines-
terase (AcCHE) that is found in the erythrocytes and nerve cells.,

CHE rapidly hydrolyzes acetylcholine and other cholinesters.
This enzyme is included here because its level falls when parenchyma-
tous liver disease~-such as hepatitis, hepatic congestion, cirrhosis
with jaundice, ascites or other evidence of parenchymal damage--are
present (Zimmerman and Henry 1979c; Cutler 1974). It seems to be
related to low serum albumin levels, and both seem to be related to
depressed protein synthesis in the liver. It is not a more sensitive
index of parenchymal function than some other more common enzymes
(Cutler 1974). Serum cholinesterase can also be depressed by organo-
phosphate pesticides and related chemicals independently of liver
injury., The differential interpretation of decreased CHE levels
requires additional tests such as GGT (Zimmerman and Seeff 1970).
Table C-1.8 of Appendix C lists a few representative studies where

CHE activities have been measured.
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Aldolase (ALD) and Phosphohexoisomerase (PHI)

These glycolytic enzymes, are found in all tissues. Aldolase
converts fructose-~l1-6-diphosphate to glyceraldehyde-3-phosphate, and
PHI catalyzes the reversible conversion of glucose-6-phosphate to
fructose-6-phosphate. Both are markedly increased in toxic hepati-
tis, but only slightly in obstructive jaundice or cirrhosis. They
are thus useful in differential diagnosis of liver damage (Zimmerman
and Seeff 1970).

Marked increases of ALD and PHI have been observed in laboratory
animals with hepatic necrosis (Korsrud et al. 1971, 1973; Zimmerman
et al 1965a, 1965b)(See Tables C-1.9 and C-1.10 in Appendix C)., LAD
and PHI may also be elevated in rats when liver tumors are present,

Leucine aminopeptidase (LAP)

This peptidase is in the same class as GGT and other transpepti-
dases (i.e., those enzymes that act on polypeptides or peptide chains
freeing amino acids) and has been used in laboratory animal studies.
It rises in serum from hepatobiliary diseases, especially in
obstructive biliary conditions (Ideo et al. 1972; Clampitt 1978) and
follows rises in ALP, GGT and 5'-N (5'-nucleotidase) (Zimmerman
1978). Several LAP isozymes have been identified. LAP, GGT and 5'-N
are all useful in animal studies and are not affected by the age of
the animals. Studies where LAP activities have been measured are

shown in Table C-~1.11 of Appendix C.
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5'-Nucleotidase (5'-N)

This esterase, like the phosphatases, was advocated as a dis-
tinguishing test between obstructive and hepatocellular jaundice
(Zimmerman and Henry 1979c). Its levels of activity follow LAP and
ALP, and the highest levels are found in post-hepatic jaundice.

Lower levels are found in parenchymal hepatic dysfunction. In some
instances it has been used as a more sensitive test for hepatobiliary
disease than ALP (Zimmerman 1978).

4.2 Metabolic Tests

The liver performs numerous metabolic functions, including oxi-
dation of fatty acids; formation of lipoproteins, cholesterol and
phospholipids; deamination of amino acids; formation of urea; and
storage of many substances such as glycogen, vitamins and {iron.
Alterations in any of these metabolic or storage functions may indi-
cate liver damage. Tests which monitor the three principal types of
liver metabolism (i.e., carbohydrate, 1lipid and protein metabolism)
will be described in the following sections., Tests which monitor
xenobiotic metabolism will also be discussed.

4,2.1 Carbohydrate Metabolism

In mammals, almost all digested carbohydrates are metabolized to
glucose, the primary energy source of the body. The liver removes
excess glucose from the blood and stores it as glycogen; then returns
it to the blood as needed. Glucose levels in the smaller experimen-

tal animals are influenced by so many variables that these levels are
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of value only as a very general measure of over-all hepatic function
when conducted under carefully controlled conditions. The variables
affecting blood glucose levels in higher animals have been reported
by Benjamin and McKelvie (1978).

Hypoglycemia--lower then normal blood glucose-—is a result of
decreased hepatic gluconeogenesis. It 1s assoclated with increased
insulin; starvation; prolonged use of alcohol; toxic chemicals such
as sulfonylureas, phosphorus, salicylates, sulfonamides, and propano-
lol; various tumors; pituitary and adrenal hormone suppression, and
diffuse liver disease. Thus, hypoglycemia is not specific for liver
damage, but may be due to pathological conditions outside of the
liver, such as hyperinsulism from pancreatic-islet cell tumors or
hyperplasia (Benjamin and McKelvie, 1978). Hyperglycemia--elevated
blood glucose--can be caused by a number of conditions, including
hormonal abnormalities, but these are normally not found in experi-
mental animals.

The hexokinase method for blood glucose (Neeley 1972), which
uses hexokinase-glucose-6-phosphate dehydrogenase, 1s accurate and
specific and is recommended for use in animal laboratories by
Howanitz and Howanitz (1979).

The measurement of blood glucose levels in experimental animals
is used only to a limited extent in research studies (See Table C~2
in Appendix C), principally to assess general health, and is not
recommended for short-term screening tests because of its lack of

specificity.
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4,2.2 Lipid Metabolism

Lipids comprise approximately 10 percent of the mammalian body
weight and are the most concentrated source of energy in the body.
The liver is involved in many important aspects of lipid metabolism
including: (1) beta oxidation of fatty acids; (2) formation of
lipoproteins; (3) formation of cholesterol and phospholipids; and
(4) formation of fat from carbohydrates and proteins. Damage to the
liver may disrupt any of these functions. Consequently, monitoring
malfunction in liver lipid metabolism can provide a basis for asses-
sing the hepatotoxic effects of test substances (See Table C-3 in
Appendix C). Alterations in plasma cholesterol and bile acids are
the most frequent indicators of hepatotoxicity.

Cholesterol is both absorbed from digested food in the intestine
and produced in body tissues, notably the liver. The liver is the
principal source of cholesterol, and also the principal organ for its
disposal (Guyton 1976). In mammals, most of the cholesterol is con-
verted to bile acids, which promote the digestion and absorption of
fats from ingested foods. Cholesterol is also a precursor in the
synthesis of adrenocortical hormones. In liver malfunction, such as
hepatitis, hepatocellular jaundice, or cirrhosis, cholesterol levels
may be markedly depressed. In cases of post hepatic jaundice or
intrahepatic cholestasis, serum cholesterol levels are elevated

(Zimmerman 1979a).
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There are many methods available for estimating total serum
cholesterol. Perhaps the most rapid and convenient method is that of
Pearson et al. (1953), which does not require saponification of the
cholesterol esters in the serum. Color is developed directly in
approximately 20 minutes using p-toluenesulfonic acid which can then
be measured in a colorimeter or spectrophotometer at 550 m . There
are also gas-liquid chromatographic and enzymatic methods available;
many of which can be automated. In the enzymatic methods, the
cholesterol esters are hydrolyzed with cholesterol-ester hydrolase;
the cholesterol is then oxidized with cholesterol oxidase and the
hydrogen peroxide formed is quantitated colorimetrically. Other
sterols will interfere with this method, but bilirubin and hemoglobin
will not. It is difficult to compare the cholesterol values obtained
by different methods because of the different method sensitivities
and possible interferring substances. Consequently, a statement of
normal cholesterol levels in various animal species is currently not
practical because different methods have been used by different
investigators. However, most procedures may be used to indicate
changes from levels in normal control animals.

Most of the cholesterol that circulates in the plasma is esteri-
fied. Since this esterification process takes place in the liver,
when the liver is damaged, a marked decrease in plasma cholesterol

esters and a corresponding increase in free cholesterol may be

65

TRy,

S AV




observed. This cholesterol/cholesterol ester ratio is readily mea-
sured and provides a useful indicator of liver dysfunction (Corning
1980).

In most mammals, cholesterol is converted to bile acids. The
bile acids are classified as primary and secondary. The two primary
acids are cholic--a trihydroxy--and chenodenoxycholic--a dihydroxy
bile acid. Considerable variation among species has been found in
the levels and ratios of these two acids (White et al 1968)., They
are conjugated with glycine and taurine in hepatic cells, and are
actively transported into the gall bladder, where they are stored in
the bile until food enters the digestive tract. The bile, with its
bile acids, is then discharged into the small intestine, where it is
available for use in digesting fats.

The secondary bile acids are formed by bacterial and other
action in the intestine., The most important of the secondary acids
are deoxycholic and lithocholic acids, some of which are excreted in
feces, The normal liver cells are very efficient in taking the bile
acids from the portal blood, into which they have been absorbed from
the intestinal tract, and re-excreting them into the bile. This
insures a low level of bile acids in peripheral blood, although a
relatively large amount is present in the biliary system, portal vein
and intestine,

Because of the active reabsorption, pre- and post-prandial blood

levels of endogenous (or administered) bile acids can act as a good
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liver-function test. Comparisons of pre- and post-prandial blood
bile acid levels indicate the speed (efficiency) of the liver cells
in excreting the surge of primary and secondary bile acids absorbed
into the blood after a meal. It follows that the administration of
bile acids, and the determination and comparison of pre- and post-
administration blood bile acid levels, also demonstrate liver bile
acid clearing ability., The latter procedure (bile acid administra-
tion) is more easily controlled in laboratory animal studies than
examining blood bile acid levels before and after animal feeding.

Anver et al. (1976) studied plasma bile acid levels using enzyme
methods in dogs and other domestic animals (i.e., sheep, calves, and
ponies), all of mixed breeding, before and after the production of
liver damage by carbon tetrachloride. They found significant
increases in the concentration of the bile acids as well as of bili~
rubin (except in dogs), ID, GOT, and GPT in all animals. They
concluded that bile acid levels could be used to test liver function
in experimental animals,

Unfortunately, the methods currently available for measurement
of total serum bile acids and of the individual bile acids are too
difficult and time-consuming for routine application in a screening
program, except possibly at more advanced levels of investigation.
The three methods usually employed are: (1) enzymatic hydroxysteroid
dehydrogenase assay, (2) gas~liquid chromatography, and (3) radioim-

munoassay (Zimmerman 1979a). The gas-liquid chromatography or the
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enzyme methods are better adapted to animal testing than the immuno-
assay method because of the complications involved in preparing
species-specific antigens for each type of animal tested.

4.2.3 Protein Metabolism

Protein is produced by the human liver at a rate of up to 4
grms/hr (Guyton, 1976) in the endoplasmic reticulum of the hepatic
parenchymal cells. The site of protein synthesis is the rough endo-
plasmic reticulum (Miyai 1979). Some of these proteins are trans-
ferred to the Golgi complex, secreted into the space of Disse, and
eventually enter the plasma pool. Thus, chemical damage at almost
any structural level of the liver, from damage to subcellular
components on up to generalized necrosis, can affect the protein
metabolizing functionality of the liver.

There are three major components of plasma proteins: albumin,
globulin and fibrinogen. Their concentrations can be affected by
chemical injury to either the liver or the kidney, and by malnutri-
tion (See Table C-4 in Appendix C). Abnormal serum protein levels
can arise from anorexia in short-term testing with experimental
animals due to their refusal to eat chemically treated food, malab-
sorption due to chemical action, or toxic effects of the test
material on the kidneys or liver.

Methods for measuring total protein, albumin and globulin in
piasma and other body fluids are numerous, They are of three dif-

ferent types: protein-dye binding, electrophoretic mobility, and
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immunochemistry. Toluidine blue or Evans blue are utilized because
they bind readily to albumin, but their use may result in erroneously
low readings, especially in albumin determinations, since the albumin
may already have substances bound to it that limit dye uptake. A
bromcresol-green dye method for protein determination has been
adapted to the autoanalyzer (Davidson et al, 1979).

Electrophoresis can be used to separate not only the three major
kinds of circulating proteins, but can also separate protein sub-
groups. A simple electrophoretic method for animal laboratories was
recommended by Street (1970). Separation times were 16 minutes for
dog plasma, and 20 minutes for pig and human plasma. With rat serum,
it is necessary to use a Barbitone-Acetate buffer system in order to
separate the globulins from the albumin, These tests are useful in
human and animal research, but have not yet been well enough devel-
oped for routine use in short-~term toxicity testing. The ma jor
difficulty in such development 1s that each protein in each species
is immunologically, and often 2lectrophoretically, different (Davis
et al. 1973).

Prothrombin, vitamin K and other clotting factors are either
produced (prothrombin) or stored (vitamin K) in the liver. Many
liver diseases such as cirrhosis and jaundice, and various chemicals,
interfere with clotting because of their effect on the liver cells,
Measurement of that function (clotting time) indicates liver cell

damage. The test usually used is Quick's one-stage prothrombin time,
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wherein the time required for the experimental blood to clot is com-
pared with a normal (control) of the same species at the same time.
This test has not been used regularly in animal testing for the
detection of liver damage; however it has been utilized in some
speclalized studies of liver dysfunction and metabolism.

4.2.4 Xenobiotic Metabolism

HRepatotoxicity of a test chemical can be measured by (a) pro-
longation or enhancement of the physiological effects of a concomi-
tantly administered drug, or (b) decreased rate of metabolism of a
marker chemical., Either in vivo or inm vitro techniques are available
(Akin and Norred -1978; Becker and Plaa 1965; Cagen and Gibson 1977;
Chow and Cornish 1978; Plaa 1974, 1975b, 1976).

Measurements of the duration of hexobarbital sleeping time,
pentobarbital sleeping time, and zoxazolamine-induced paralysis can
be used to measure the functional status of the drug-metabolizing
microsomal mixed-function oxidase system (See Table C-5 in Append-

ix C). These measurements are based on behavioral responses (e.g.,
restoration of consclousness or motor function), The tests may indi~
cate induction, activation, or inhibition of the microsomal enzymes.
For example, prolongation of sleeping time induced by a dose of a
barbiturate may be an indication of liver tissue damage by the test
compound, or it may indicate a decrease in the rate of metabolism of
the administered barbiturate by inhibition of the microsomal enzyme

system (Plaa 1975b). Nonetheless, the prolongation of barbiturate
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sleeping time is a good measure of hepatic damage when this procedure

is properly standardized and correlated with other indicators of

liver function (e.g., serum transaminase activity and BSP clearance)

(Plaa 1974, 1975b),

The liver has a highly developed capacity to metabolize exoge-

nous compounds. The products of metabolism may be more toxic or less

toxic than the original compound. Abnormalities in the metabolism of

known foreign substances can provide an indication of liver damage.

Detoxification of sodium benzoate or benzoic acid (Cutler 1974) has

been used in this context in the animal laboratory as an indication
of hepatic damage (See Table C-5 in Appendix C). The benzoate ion is
detoxified by conjugation with glycine to produce hippuric acid,
which is excreted in the urine.

The procedure for measuring hippuric acid excretion involves
administering a standard dose of benzoic acid orally, or sodium
benzoate intravenously, and measuring the amount of hippuric acid
excreted in the urine in a specific period of time. The percent of
recovery of benzoate as hippuric acid provides a two-fold measure of
liver function; it measures the presence of a functional enzyme sys-
tem for conjugation, and an adequate supply of glycine (Byrne 1977a).
Significantly decreased urinary hippuric acid is indicative of liver
damage. Cutler (1974) reported that the benzoate/hippuric acid
excretion test is one of the most sensitive tests for detecting hepa-

tic damage in rats, However, hippuric acid excretion may not be a
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valid test for liver function in those laboratory animal species
(e.g., dog) that have a different metabolic scheme for the metabolism
of benzoate than the rat. For example, in the dog, the predominant
metabolite is benzoyl glucuronide and not hippuric acid. Also, in
the presence of severe kidney damage, inaccurate results may be
obtained. Difficulties in obtaining urine samples from small animals
at fixed time periods have somewhat restricted the routine use of
this test for short-term toxicity testing (Street 1970).

4.3 Serum Metals

Abnormal serum values for certain metals have been observed in
animals and humans with specific hepatic diseases or damage. Liver
cells store iron from the breakdown of hemoglobin as ferritin, which
is recycled into hemoglobin., Injury to the hepatocyte releases this
stored iron. Elevated levels of serum iron have been observed in
animals with acute hepatic necrosis and in humans with viral hepa-
titis (Zimmerman 1979a).

Elevated serum and tissue levels of "free” copper have been
observed in humans with Wilson's disease (hepatolenticular degenera-
tion), and decreased serum levels of zinc have been observed in indi-
viduals with alcoholic cirrhosis. The use of serum metal levels in
detecting hepatic damage has had only limited clinical application in
this country (Zimmerman 1979a), and very limited use in animals,
therefore, it would not be useful at this time in a routine screening

program for hepatotoxic substances.
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4,4 In Vitro Techniques

Several procedures have been developed enabling investigators to
study biochemical reactions in isolated organs or organ parts without
the complicating factors of interference from products of other
organs or contents of the blood. These in vitro procedures are fre-
quently used in liver biochemical studies and have.been used to
screen a limited number of toxic agents (See Appendix D). Whole
liver, liver tissues, ‘cells or organelles are cultured in media con-
taining the necessary nutrients to maintain their functions. Their
longevity is limited, depending upon the culture techniques used.

The in vitro techniqhes are especially useful in research stud-
ies on the metabolic phases of various products of cell activity.
They save time and animals, since one liver can furnish many slices
or cells for the study of.several substances, as well as provide
uniform test material, However, Fry and Bridges (1979) in discussing
the value of the in vitro techniques in toxicity and metabolism
investigations, cau;ioned that although the in vitro studies extend
our knowledge of metabolic and toxic effects, they can be misleading.
As an example, they point out that the rate at which substances enter
and exit cells cannot be accounted for; that most of these tissue
preparations survive for only one half to two hours; and that all
observations must be made during that interval., Also, they suggest
that lytic enzymes released from cells may destroy the very sub-

stances which are being measured. Protein and 1ipid binding may also
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be over-~ or under-estimated, and the conjugating systems are usually
non~functional in these preparations. The following sections
describe the in vitro techniques used in liver toxicity studies,
their advantages and disadvantages, and their potential application
to a short-term screening program.

4.,4.1 Liver Slices

Slices of liver weighing about 50 mg are removed immediately
after sacrifice from a normal animal (usually rat), or from an animal
that has been pretreated with a test substance. The slices are
placed in a container of Ringer's solution and incubated for periods
of 5 to 60 minutes., Slices not already exposed to a test substance
can be treated by adding the substance to the bath; accelerators or
inhibitors of the test substance may also be added. The incubation
is then continued for a specified interval and the bath solution is
analyzed by standard methods for the presence of indicator compounds
such as enzymes, lipids, or other products., For example, Dujovne et
al. (1968) treated one of three groups of liver slices with either
promazine, chlorpromazine or nothing. They found that both GOT and
GPT were present in the chlorpromazine, but not in the promazine or
control baths, indicating that the transaminases were released by
chlorpromazines. This agreed with the results of whole-animal toxic-
ity testing of the same substances--~that is, the transaminases rose

in rat serum after chlorpromazine administration. However, all in

vitro results cannot be interpreted this simply. The influence of

74

— -

U

i
1
!
!
i




all the other body tissues and fluids is a necessary part of the
whole body process. The liver slice technique does, however, add to
the value of other test results. This method is more properly a
research tool than a routine screening procedure (See Table D-1 in
Appendix D), although, of all the in vitro tests, it is probably the
simplest to use and provides the most information on one or two
specific enzymes or metabolites. It may be used in advanced levels
of a screening program where mechanisms of damage are being investi-
gated, Nevertheless, the results obtained from tissue slices will
not necessarlily be the same as results obtained from the treatment of
the intact animal.

4.4,2 Perfusion Techniques

Much more apparatus and skill are needed for perfusion testing
than for liver slices. The whole organ (liver) is removed from the
animal (usually rat), and the portal vein and bile ducts are cannu-~
lated. This permits fluids to be perfused through the organ via the
blood vessels and collected for analysis. The bile can be drained
off through the bile duct, to be used for analysis of metabolites or
other contents, The preparation is placed in an incubation chamber
with a bath containing proper electrolytes and oxygen pressure.
Toxic agent effects of a test substance on bile flow, dye elimina-
tion, lipid secretion or enzyme activities can be determined by
adding chemicals to the fluid being perfused through the 1liver,

collecting the perfusate for analysis; and measuring bile flow in the
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common bile duct. An example of the use of perfusion techniques

is the work reported by Abernathy et al., (1978). Dantrolene sodium
(a drug used to control spastic muscle contraction in humans), when
added to rat liver perfusate, inhibited excretion of both ICG and
BSP,

The perfusion techniques are principally used in research (see
Table D-1.1 in Appendix D) and are too involved to be used in a
short-term screening program, except at advanced levels (Level III).

4.4.3 1Isolated Hepatocytes

Mammalian liver cells can be isolated by digestion of tissue
with collagenase., Viable isolated hepatocytes have been obtained
from mice, rats, hamsters, guinea pigs, rabbits, ferrets, dogs,
sheep, monkeys, and man (Fry and Bridges 1979). The isolated hepato-
cytes are then used in suspengions or as monolayer cultures. The
hepatocyte cultures remain viable and functional for up to 10 days
with appropriately selected culture media, and are used primarily for
metabolic studies. They have also been used in monitoring the cyto-
logic and genetic changes from xenobiotic-induced toxicity. Toxicity
is commonly measured as the leakage of cytoplasmic enzymes from
hepatocytes (Abernathy et al, 1978). Many of the events involved in
toxic responses in vivo when animals have been exposed to a hepato-
toxin, have also been observed in vitro in isolated hepatocytes
exposed to the same substances. For example, hepatocytes exposed

to carbon tetrachloride or bromotrichloromethane, lipid peroxidation
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and other alterations in membrane lipids have been observed (Weddle
et al. 1976). These are the same changes that have been observed

in in vivo studies using these two substances. The use of isolated
hepatocytes in screening chemical substances has the additional
advantage of making it possible to assess a large number of compounds
using a single liver cell population.

Several metabolic and functional ad justments can occur in
hepatocytes as the cells establish themselves in monolayer culture.
This loss of specialized metabolism and function (i.e., dedifferen-
tiation), as the cells are established and time in culture increases,
can limit the usefulness of the cultures in studying toxicity., If
primary hepatocyte cultures are used, they should be maintained in
a nondividing state as normally occurs in vivo, and should not be
manipulated to divide and produce cell lines (Fry and Bridges 1979).
Varying degrees of dediffereutlation have occurred in these dividing
cell lines, and their functions may be very different from in vivo
hepatocytes. Any cell trauma that occurred during isolation can be
repaired during culture, and therefore this trauma would not be
interpreted as a result of test substance exposure.

Isolated hepatocytes in suspension should provide a more useful
model system in screening substances for hepatotoxic potential than
cell cultures. Suspensions are relatively easy to use and are not
affected by dedifferentiation as are cell cultures. On the other

hand, the primary hepatocyte culture system is one of the best
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studied to date, and even though it is more involved than isolated

suspensions, it could be used in a screening program. An outline of
studies using hepatocyte cultures is shown in Table D-1.2 of Appen-
dix D.

4.4.4 Tissue Homogenates and Organelles

Liver tissue homogenates have been used in the past to study the
adverse effects of agents on liver tissue that could not be studied
conveniently in vivo. For example, uptake of radiolabeled amino
acids has been examined to demonstrate the effects of toxic chemical
injury on protein synthesis. The mammalian liver contains at least
14 different cell types, so homogenates may contain a significant
fraction of nonhepatocyte cell types, although the proportion of cell
types should be similar to the original tissue. This lack of uni-
formity in homogenates may be a disadvantage in using them as model
systems. Accordingly, homogenates are primarily used in research,
and are not used much for short-term screening purposes (See
Table D-1.3 in Appendix D).

Centrifugation of either isolated cells or homogenates can be
used to isolate subcellular organelles from the hepatocytes. The ef-
fects of toxic agents on isolated ribosomes, mitochondria, lyso-
somes, plasma membranes, Golgi apparatus, nucleoli and nuclei have
been studied (Zimmerman 1978). For example in examining the toxic
effects of fluoroacetate, Kostyniak et al. (1978) studied liver de-

fluorination activity by incubating fluoroacetate with a subcellular
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fraction of rat liver. Control fractions were boiled to stop subcel-
lular activity. They compared the amount of ionic fluoride present
in the media of the two-cell fraction groups at the end of the incu-
bation period and found there was more flouride present in the liv-
v? , ing subcellular fraction medium than the boiled controls. Isolated
! organelles have only been used in research applications and are not
suitable for use in a screening program. Tables D-1.4 through D~1.6
of Appendix D show some representative studies where isolated organ-
elles have been used in research applications.
4,5 Summary
. Biochemical tests are sensitive indicators of hepatotoxicity and
also provide information concerning the mechanisms of damage to the
liver. Biochemical tests for liver damage may be grouped into two
‘ broad categories: (1) direct measurements of the activity of spe-
cific serum enzymes (e.g., serum glutamic-pyruvic transaminase) and
(2) measurements of normal end products of liver function, such as
plasma bile acids. Usually, these tests are done in vivo, but may
be accomplished in vitro using whole organs, organ slices, isolated
[ hepatocytes, homogenates or isolated organelles.

Damage to the liver by toxic chemicals may be manifested by a
release of cellular enzymes into tissue fluids or by impairment of
normal enzyme formation. Although the liver is replete with enzymes
only a few are useful at this time for short-term toxicity testing of

chemicals. Those enzyme tests which are utilized must be carefully
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interpreted to be sure than any changes observed are indicative of
hepatic damage rather than being a normal response to a metabolic
load, or indicative of damage to some other tissue.

The simultaneous measurement of the two transaminases, glutamic-
pyruvic transaminase (GPT) and glutamic-oxalacetic transaminase (GOT)
gives greater credence to the interpretation of experimental results
than the measurement of either enzyme alone. GOT may come from tissues
other than the liver, while GPT comes almost exclusively from the liver;
the magnitude of changes from effects of xenobiotics is greater for
GPT.

Alkaline phosphatase (ALP) is one of the various phosphatases
present in liver cells, in addition to being present in many other
tissues. Serum ALP determinations are most useful in animal studies
for detecting hepatobiliary obstruction.

Gamma-glutamyl transpetidase (GGT) is found in the liver,
pancreas and kidney. Since the smooth endoplasmic reticulum cf the
liver is the :source of most of the serum GGT, GGT is a useful enzyme
for detecting hepatic damage and may be a better indicator of dys-
function than the transaminases or ALP.

Ornithine carbamyl transferase (CCT) is only found in the liver
where it is involved in nitrogen metabolism. It catalyzes the re-
versible conversion of ornithine to citrulline, which is a step in
the formation of urea. It should be considered seriously for use in
animal testing following further development of the analysis tech-
niques because its presence in serum is highly specific for liver

injury.
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Iditol dehydrogenase (ID) is involved in carbohydrate metabolism

in the liver by catalyzing the reversible reaction of sorbitol to
fructose., Its presence in serum at elevated levels is a relatively
specific indicator of liver injury even though minimal amounts are
normally found in serum as well as in semen and skeletal muscle.

Lactic dehydrogenase (LHD) isoenzymes are found in many types of
tissue; however, the liver contains principally LDH4; and LDHs.
Increases 1n serum LDHg are specific for liver damage and can be 1
useful in differentiating liver damage from damage to other organs
having LDH isoenzymes.

Some other enzymes, such as malate dehydrogenase (MD) and isoci-
trate dehydrogenase (ICD), may also be useful in detecting hepatic
dysfunction and damage. Some may even be better than the previously
described enzymes; however, they have not been used as frequently and
are not as well developed.

In mammals, absorbed carbohydrates are generally metabolized to
glucose. The liver converts blood glucose to liver glycogen which is
stored until there is a demand for an elevation of blood glucose.
Concentrations of glucose in the blood are a general measure of liver
function and damage by xenobiotics. However, this is not a sensitive
measure of injury, nor is it specific for damage to the liver.

The liver also metabolizes lipids, including the production, E
excretion and recycling of cholesterol and bile acids. Plasma

cholesterol concentrations are not consistent enough in animals to
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make them a useful measure of hepatotoxicity. The measurement of the

cholesterol/cholesterol ester ratio, however, may be useful. Plasma
bile acids are sensitive enough to be considered for short-term test-
ing; unfortunately, the procedures for isolation and analysis are too
difficult and time-consuming for most short-term screening programs.

Protein metabolism is an important function of the liver; how-
ever, there are no simple tests for monitoring albumin, globulin, or
total protein which are sufficiently sensitive or specific to be use-
ful in routine screening. Prothrombin, vitamin K, and other clottiag
factors are either produced or stored in the liver. The monitoring
of blood-clotting time to indicate hepatic dysfunction has not been
regularly reported in animals and is not considered useful for rou-
tine screening at this time., Alterations in liver xenobiotic metabo-
lism have been useful in assessing liver damage. The most useful
have been barbiturate sleeping time and benzoate metabolism to hip-
puric acid. The benzoate/hippuric acid excretion test is a rela-
tively sensitive measure of hepatic function; however, it has not
been used much in the last few years in the routine screening of
hepatotoxic substances.

Several in vitro model systems have been developed to be used in
liver biochemical studies. These systems have been especially useful
in metabolic studies, Most of the biochemical parameters previously
described can be examined i~ the in vitro systems. Isolated hepato- \F

cyte suspensions are currently the most useful of the model systems
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for short-term screening, although primary hepatocyte cultures are

also very useful in assessing hepatotoxic potential., The other in

vitro model systems are used for specialized applications and may be

useful in determining the mechanisms of toxicity.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

The testing techniques for the assessment of hepatotoxicity have
been classified in three categories: morphologic, functional, and
biochemical., The tests included in each of the three categories are
shown in Table 5-1 and were categorized on the basis of either their
structural or physiological characteristics,

The liver is an organ of diverse functional activity. It per-
forms many metabolic functions and is the principal detoxification
organ in the body. Many measurements of hepatic function have been
made using a variety of techniques; however, few of these have been
found to be useful in detecting and quantifying liver damage. The
development of liver functional testing has followed the development
of new knowledge concerning the biochemical mechanisms of the liver,
For this reason, and because of its essential biochemical functions,
most current tests to monitor the liver for damage are biochemical.

The testing of hepatic function in humans is well developed;
however, some of the human testing techniques have not been applied
to animals. Many of the procedures are not practical for use in
laboratory animals. Only those testing techniques that are used in
laboratory animals or that could readily be adapted to laboratory
animals are described.

Some alterations in liver function may not be indicative of dam-
age. Many tests are sufficiently sensitive to detect biochemical

alterations which are a part of natural liver function as the liver
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TABLE 5-1

TESTS USED TO EVALUATE HEPATIC DAMAGE

r—- T !
TEST CATEGORY SPECIFIC TESTS

e

Gross Inspection
Light Microscopy
Electron Microscopy

Morphological

Sul fobromophthalein Excretion (BSP)
BSP Transport Maximum (Tm)
Indocyanine Green Excretion (ICG)
ICG Transport Maximum (Tm)

Rose Bengal Excretion

Bilirubin Clearance

Biliary Transport Maximum (Tm)

Bile Flow |

Radiocactive Colloid Imagin !

Radiolabeled Albumin or !?°Xe Perfusion

< Functional Indicators

&
® ® & 00 00 000

Rﬁﬁ Biochemical Indicators

-Glutamic-oxalacetic transaminase (GOT)
-Glutamic-pyruvic transaminase (GPT) )
-Alkaline phosphatase (ALP) .
-Ornithine Carbamyl Transferase (UCT) !
~Iditol Dehydrogenase (ID)

\ -Gamma-glutamyl Tran-.peptidase (GGT)
-Lactic Dehydrogenase Isoenzymes (LDH)
, -Malate Dehydrogenase (MD)

' -Isocitrate Dehydrogenase (1CD)

-Serum Cholinesterase (CHE)

-Aldolase (ALD)

: -Phosphohexoisomerase (PHI)

’ -Leucine Aminopeptidase (LAP)
-5”“-Nucleotidase (5°-N)

Plasma Glucose Levels

Serum Cholesterol Levels

Serum Cholesterol/Cholesterol Ester
Ratio

Plasma Bile Acid Levels {
Albumin, Globulin and Total Protein
Thvmol Tubidity

Cephalin Flocculation

Prothrombin Time

Barbiturate Sleeping Time
Benzoate/Hippuric Acid FExcretion
Serum Iron

Serum and Tissue Copper . H

i
Serum Enzyme Activity i
b

Bl s
[ ]

Serum Zinc
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responds to chemical exposure, but where there are no morphologic
changes characteristic of irreversible cytotoxic changes and cell
death.

On the basis of available information for the hepatic system, a
tiered screening program is recommended for detecting and quantifying
hepatic damage in small laboratory animals. Evaluation of individual
tests within each category is based on certain considerations. These
considerations primarily include: validity of the measurement (e.g.,
sensitivity, accuracy, reproducibility); costs of measurement (e.g.,
necessary instrumentation, animals, and labor); the time required to
perform the test; and finally, significance with regard to reflecting
liver damage. The selection criteria utilized to evaluate the liver
tests are described in the following section.

5.1 Criteria Used in Evaluating Hepatic System Tests

The following criteria have been selected to evaluate each hepa-

tic system testing technique for inclusion in a short-term screening

program:

e state of development sufficient to be reproducible in a
screening program

o sensitivity sufficient to detect early subtle forms of damage
or to provide an indication of the extent of damage to the

system

e procedures and Instrumentation sufficiently uninvolved to
enable technicians with some additional training to perform

the tests, and

e methods sufficiently brief so that each test can be completed
within a few days to a few weeks.
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Considerations that have also been used to evaluate the tests
include (1) the availability of the animals used, and (2) the costs
of the test procedures, animals, equipment and maintenance.

The species of animals used for screening affects both the cost
and the validity of a particular measurement. The type and the
number of animals used to perform an experiment affect the cost not
only in terms of the time, but the labor required to perform the
test. Also, the sensitivity, accuracy, and reproducibility of a test
will depend on the species and number in which the test is performed.
However, there are not sufficient data available to establish very
many of these relationships with regard to liver tests. Rats are the
most common small laboratory animal used for evaluation of the mor-
phological and functional integrity of the hepatic system.

Once the liver tests have been evaluated for suitability in
short-term screening, tests which are recommended are subdivided into
three levels or tiers based upon the criteria shown in Table 5-2.
Investigators should select the tests from each tier that are most
suitable for their needs. It is not anticipated that all of the
tests recommended in each tier would be used in a screening program.
The applicable tests will be selected based upon the screening pro-
gram protocol design, other experimental observations, and the indi-
vidual requirements of each investigator.

Those tests routinely used in level I should be simple to per-

form, inexpensive, quick, and sufficiently sensitive to provide a
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good indication of damage to the hepatic system. The tests in level

duahastihe

II should be more sensitive than those in level I, and should be bet-
ter able to describe the extent of damage to the system; however,
they are more time-consuming, more difficult to perform, and more
expensive than level I tests, The tests in level III are those tests
which are not included in level II, but which may be utilized in

determining the mechanisms of damage for a particular hepatotoxin.

The evaluation of the state of development of tests, the skill neces-
sary to perform them, and the ease with which they are performed, 1is
based on discussions with researchers, and a review of their publica-
tions and other literature dealing with liver testing.

5.2 Evaluation of Hepatic System Tests for Application to a Screen-

ing Program

The advantages and disadvantages of each testing technique
included in the recommendations are described below with a discussion
of their potential application to short-term screening. Alternative
techniques are described which also could be used. Table 5-3 lists
the tests in each level that are recommended for short-term screen-
ing. These tests may be used with any mammalian species.

5.2.1 Level I Tests

Sul foromophthalein Clearance

Sulfobromophthalein (BSP) is a widely used exogenous dye for
monitoring liver function. In more recent years, it has been used -

less in human clinical medicine, partly because of possible serious

adverse reactions, although its use has continued in animals. BSP is
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TABLE 5-3

TESTS RECOMMENDED FOR A TIERED SCREENING
PROGRAM

Level 1

Sulfobromophthalein (BSP) or Indocyanine (ICG) Clearance
Bilirubin Clearance: Plasma Bilirubin and Urine Urobilinogen
Benzoate/Hippuric Acid Excretion

Barbiturate Sleeping Time

Serum Enzymes
Glutamic-Oxalacetic Transaminase (GOT)

Glutamic-Pyruvic Transaminase (GPT)
Alkaline Phosphatase (ALP)
Lactic Dehydrogenase (LDH)

Gross Liver Pathology

Level 1I

Serum Cholesterol/ Cholesterol Ester Ratio

Plasma Bile Acids

Biliary Transport Maximum (Tm)

Isolated Hepatocyte Suspensions or Monolayer Hepatocyte Cultures

Light and Electron Microscopy
Level III

Radioactive Colloid Imaging
Radiolabeled Albumin or 133Xe Perfusion

In-Vitro Preprations (Other than those in Level II, e.g., liver
liver slices of isolated, perfused whole livers)
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conjugated in the liver and rapidly excreted. Because it is rapidly

eliminated, accurately timed blood samples must be obtained from the
experimental animals. Single determination BSP measurements are
routinely done in large animals (e.g., dogs), but require venous can-
nulation in small laboratory animals (e.g., rats). Factors such as
hepatic blood-flow changes, extrahepatic disease, cardiac failure,
hepatomegaly, fever and shock can affect BSP clearance rates; never-
theless, it is a sensitive and useful technique for assessing liver
function and is recommended for use in short-term screening.

Indocyanine Green Clearance

Indocyanine Green (ICG) is an exogenous dye that has come into
use in the past few years to replace BSP in clinical medicine. ICG
has also been used as an alternative to BSP in animals. It is
excreted in the bile in an unconjugated form, so it is not dependent
on the availability of the hepatic conjugating mechanisms as is BSP.
Since ICG is rapidly eliminated in small laboratory animals, accu~
rately timed blood samples must be obtained. ICG is recommended as
an alternative to BSP in screening for hepatotoxicity. The investi-
gator may wish to use both BSP and ICG in differential studies uti-
lizing the unique functional characteristics of each dye,

Bilirubin Clearance

Bilirubin is present in the serum and originates from the break-
down of hemoglobin in red blood cells, Serum bilirubin includes botn

con jugated and unconjugated bilirubin., Conjugation occurs in the
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liver and is followed by excretion into the bile. Present procedures

determine unconjugated and total plasma bilirubin, and the remainder

is assumed to be conjugated. Changes in serum bilirubin levels may

provide an indication of liver damage in laboratory animals; however,

low normal levels of plasma bilirubin in small laboratory animals,

»

such as rats, make small increases difficult to detect. Because

serum bilirubin determinations are relatively easy to perform, this

test is recommended for inclusion in a screening program.

Urobilinogen in the urine is abnormal and results from increased

levels of intestinal bilirubin due to liver damage effects. A sim-

ple, semiquantitative technique for detecting urobilinogen in the

urine is available using a diazo reagent impregnated 'dip stick."

Urobilinogen in urine is one of the earliest indications of liver

damage and is recommended for inclusion in a screening program., It

must be kept in mind, however, that increased hemoglobin breakdown

will also increase both serum bilirubin and urine urobilinogen

levels,

Benzoate/Hippuric Acid Excretion

Hippuric acid recovered from the urine following an administered

dose of benzoate provides a measure of liver cell dysfunction and

damage. The test is one of the most sensitive tests for detecting

hepatic damage in rats. However, it may not be a valid test of hepa-

tic function in laboratory animals such as the dog that do not metab-

olize benzoate predominantly to hippuric acid. Also, if an animal

has severe kidney damage, inaccurate results can occur.
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Accurately timed urine samples must be obtained from experimental
animals. This requirement limits the use of this test in small lab-
oratory animals. Because this is a sensitive measure of liver dys-
function, it is recommended for inclusion in a screening program.

Barbiturate Sleeping Time

Measurement of the duration of barbiturate sleeping time can be
used to measure the status of the drug-metabolizing function in the
liver. Prolongation of sleeping time may indicate functional liver
damage or simply a reversible decrease in the rate of metabolism of
the administered barbiturate by a test substance.

This test is a good measure of hepatic damage when it is prop-
erly standardized and correlated with other indicators of liver func-
tion (e.g., serum transaminase activity and BSP clearance), and is
recommended for inclusion in a short-term screening program.

Serum Enzymes

Serum Enzymes are important in detecting liver dysfunction and
disease. They have been used for many years in human clinical medi-
cine and they play a major role in hepatic diagnostic programs. Fur-
thermore, they are useful in detecting liver dysfunction and damage
in laboratory animals. When liver cells are either damaged or
destroyed, several enzymes are released into serum. Variations in
serum enzyme activities may occur in the damaged liver before func-
tional changes are observed because of the functional reserve capac-

ity of the liver; therefore, serum enzymes provide a sensitive
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indication of hepatic damage. Serum enzyme determinations are rela-

tively simple, easy to perform, reproducible and inexpensive. The
disadvantages are that most serum enzymes are not specific for the
liver, but may be found in many other tissues, and that some
increases in enzyme levels are due, not to cellular damage, but to
increased cellular membrane permeability or increased metabolic
activities as a part of normal liver function. For these reasons,
serum enzyme determinations should be made in conjunction with other
liver function tests.

Four enzymes are recommended for use in Level I of a screening
program. These are glutamic-oxalacetic transaminase (GOT), glutamic-
pyruvic transaminase (GPT), alkaline phosphatase (ALP), and lactic
dehydrogenase (LDH). Other enzymes, such as ornithine carbamyl
transferase (OCT), iditol dehydrogenase (ID) and gamma-glutamyl
transpeptidase (GGT) could also be included, based on the interests
and preferences of the investigator. These enzymes were chosen
because they have been the most frequently used in detecting hepatic
dysfunction. They are sensitive indicators of liver damage, and con-
siderable information exists concerning their normal levels, fluctua-
tions and variations. It should b. noted, however, that GOT, GPT and
ALP are less useful in small laboratory animals (e.g., rats) than in
large animal species (e.g., dogs) because of the large variability
within and among individual animals. For this reason, GGT has been

suggested as a substitute for GOT, GPT and ALP in small animals even

though it is not as specific for liver injury as GPT.
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Gross Liver Pathology

Gross examination of the liver for size and color should be
performed following level 1 screening. This is an essential aspect
of a short-term screening program since the liver is susceptible to
enlargement (hepatomegaly) and discoloration (cholestasis, steatosis,
cirrhosis and fibrosis) following toxic chemical insult. The gross
necropsy may indicate the need for more detailed microscopic study.

5.2.2 Level II Tests

Serum Cholesterol and Bile Acids

Cholesterol 1s absorbed from digested food in the intestine and
is produced in body tissues, notably the liver, which is the princi-
pal source of cholesterol as well as the principal organ for disposal
of cholesterol. Most of the cholesterol that circulates in the
plasma is esterified. The esterification process takes place in the
liver, so when the liver is damaged there is a marked decrease in
plasma cholesterol esters and a corresponding increase in free cho-
lesterol. Variations in cholesterol/cholesterol ester ratios can
provide an indication of hepatic dysfunction and cholesterol levels
are relatively easy to determine.

In mammals, most cholesterol is converted to bile acids. Moni-
toring plasma bile acids can provide a good indication of liver dys-
function. The monitoring of both serum cholesterol/cholesterol ester
ratios and plasma bile acids is recommended for inclusion in level II

of a short-term screening program for hepatotoxicity.
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Biliary Transport Maximum

The bilirubin transport maximum (Tm) is determined by infusing
sufficient bilirubin to saturate the transport and conjugation mecha-
nisms of the liver. This test is a sensitive measure of hepatic
function, even though 1t is laborious to perform. The use of 14C-
labeled bilirubin simplifies the analysis of samples.

) Cultured Hepatocytes

Either isolated hepatocyte suspensions or monolayer hepatocyte
i cultures may be used, based upon the needs and preferences of the
a, investigator. Both have certain advantages and disadvantages. Via-

ble isolated hepatocytes have been obtained from most common labora-

.~

tory animals and from man. Once isolated, hepatocytes may be used

. either as suspensions or in monolayer cultures. Hepatocyte suspen—~
sions are relatively easy to work with and they maintain most of
their in vivo functional and metabolic properties., Also, a large
number of substances can be assessed using a single, uniform cell
population. The disadvantages of the suspensions are that they must
be used within a few hours after isolation or they begin to deteri-
f orate; and that the 1solation procedure can cause cellular trauma,
which may be difficult to distinguish from the cytologic effects of
i the test substance being examined.
; Monolayer cultures also have several advantages. They can

remain viable for extended periods (days to weeks) 1f properly main-

' tained. Also, any cell trauma occurring during isolation can be
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repaired during culture. The disadvantages of monolayer cultures are
that they are more difficult to maintain and treat than suspensions,
and they may lose some of their specialized metabolic and functional

characteristics as the cultures age. In the past few years, investi-

gators have developed specialized media and culturing techniques to
aid in maintaining high levels of differentiation in cultured hepato-
cytes. The application of these techniques requires a high level of
skill to be successful. For these reasons, the isolated hepatocyte
suspensions provide a more useful model system in short-term screen-
ing than do monolayer cultures.

Light and Electron Microscopy

Some degree of morphologic examination is essential in any
short-term screening program for hepatotoxicity. The extent of the
examination depends upon the needs of the investigator and the pur-
pose of the testing. 1In a short-term screening program for hepato-
toxic potential, gross examination and light microscopy are recom-
mended. These studies are necessary to assess the results from other
liver function tests. Electron microscopy is usually reserved for
research purposes. It may be used selectively in a short-term
screening program for the verification of the results of other tests
when a specific mode of action is suspected or where findings from

other tests are inconclusive.
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5.2.3 Level 1II Tests

Radioactive Colloid Imaging

Radioactive sulfur colloids containing radioisotopes, such as
gold-198, indium-113m and technetium-99m, are taken up by reticulo-
endothelial cells and provide for nuclear imaging of the liver.
Areas that fail to accumulate radioactivity or that show diffuse
accumulation may represent pathologic processes., This technique may
provide useful information to better describe the pathologic proces-
ses of a specific hepatotoxic substance.

Radiolabeled Albumin or 133Xe Perfusion

Radiolabeled albumin or 133-Xenon have been infused in the
blood and the blood-flow rates measured in the liver. These are spe-
cialized techniques to measure hemodynamic parameters in the liver
and may provide valuable information concerning the pathologic pro-
cesses of a chemical substance in a specific region of the liver.

In Vitro Preparations

A number of in vitro models are available for the study of hepa-
tic function. The cultured hepatocyte techniques were recommended
previously for use in level II. Other techniques, such as the iso-
lated perfused liver and liver slices, are recommended for use in
level III because they may provide valuable information concerning
the pathologic mechanisms of specific test substances. Biochemical
changes can be carefully monitcred using these techniques. Many of
the functional testing techniques used in vivo have been adapted for

use in in vitro model systems,
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TABLE A-2
DRUG-INDUCED MORPHOLOGIC CHANGES SEEN BY LIGHT MICROSCOPY

HEPATOCELLULAR OR HEPATOCANALICULAR OR
i TYPE OF AGENT MIXED HEPATOCELLULAR MIXED HEPATOCANALICULAR CANALICULAR
GENERAL ANESTHETICS CHLOROFORM 1
TRICHLORETHYLENE
HALOTHANE
METHOXY FLUORANE
FLUOROXENE 4
| NEURO AND PSYCHO- CHLORPROMAZINE AND RELATED
. TROPIC AGENTS PHENOTHIAZINES
i TRANQUILIZERS ECTYLUREA
1 CHLORIDTAZEPOXIDE
DIAZEPAM
ANTIDEPRESSANTS | IPRONIAZID AND IMIPRAMINE
CONGENERS 4
AMYTRIPTYLENE ]
ANTICONVULSANTS | DIPHENYLHYDANTOIN k
PHENYLACETYLUREA AND :
CONGENERS
DRUGS EMPLOYED IN CINCHOPHEN PROPOXYPHENE
RHEUMATIC AND ZOXAZOLAMINE
MUSCULOSKELETAL IBUFENAC
DISEASE AND AS INDOMETHACIN
ANALGESICS PHENYLBUTAZONE
SALICYLATES
ACETAMINOPHEN
PROBENECID
DRUGS USED IN PROPYLTHIOURACIL METHIMAZOLE C~17 ALKYLATED
ENDOCRINE CARBUTAMIDE THIOURACIL ANABOLIC
DISEASE OR AS STERIODS
HORMONAL SUB- METAHEXAMIDE CHLORPROPAMIDE CONTRACEPTIVE
STITUTES STERTODS
ACETOHEXAMIDE TOLBUTAMIDE ESTRADIOL
ANTIMICROBIAL TETRACYCLINE AND CON- | ERYTHROMYCIN ESTOLATE
AGENT GENERS
CHLORAMPHENICOL NOVOBLOGIN
TRIACETYLOLEANDOMYCIN RIFAMPICIN
PENICTLLIN ORGANIC ARSENICALS
GRISEOFULVIN NITROFURANTOIN
PARAMINOSALICYLIC ACID | IDOXURIDINE
ISONTAZID XENYLAMINE
ETHIONAMIDE
PYRAZINAMIDE
RIFAMPICIN
SULFONAMIDES
SULFONES




' TABLE A-2 (CONCLUDED)

TYPE OF AGENT MIXED HEPATOCELULAR MIXED HEPATOCANALICULAR CANALICULAR

[ HEPATOCELLULAR HEPATOCANALICULAR OR

)

| ACENTS USED IN PHENINDIONE AJMALINE

| CARDIOVASCULAR PROCAINAMIDE p-AMINOBENZYLCAFFEINE
! DISEASE QUINIDINE HYDROCHLORIDE

i «-METHYLDOPA

! NICOTINIC ACID
| PAPAVERINE
|
b

]

i

t

i

I

1

ANTINEOPLASTIC CAUSE STEATOSIS
CHEMOTHERAPEUTIC ACTINOMYCIN D 4,4 " -DIAMINODIPHENYLAMINE,
AGENTS 4-AMINOPYRAZOLO BUSULFAN
PYRIMIDINE AZATHIOPRINE

L-ASPARAGINASE

, AZACYTIDINE 1

i AZAURIDINE

I BLEOMYCIN

} CEROMOMYCIN

CYCLOHEXIMIDE

: i MITOMYCIN

) N-DIAZOACETYLGLYCINE

! HYDRAZIDE

PUROMYCIN

' METHOTREXATE

i (ALSO CAUSES |

]

]

b

]

]

i

]

]

CIRRHOSIS) i
TETRACYCLINE
CAUSE NECROSIS )
CALVACIN
MITHRAMYCIN
URETHANE
CYCLOPHOSPHAMIDE
CHLORAMBUCIL
6-MERCAPTOPURINE

MISCELLANEOUS TANNIC ACID CARBAMAZEPINE
AGENTS TRIMETHOBENZAMIDE
TRIPELENNAMINE
OXYPHENISATIN
PHENAZOPYRIDINE

SOURCE: ZIMMERMAN (1976).
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APPENDIX D

MEASUREMENT OF HEPATIC DAMAGE:
IN VITRO TECHNIQUES
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